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ABSTRACT 
The cloning and characterization of the histone demethylase Dmel\JHDM3A during Drosophila 
melanogaster development. 
Madhusmita Datta 





Core histone proteins of the nucleosome undergo covalent modifications such as 
acetylation, methylation, ubiquitination and phosphorylation at their N terminal tails. These 
modifications regulate chromatin structure and gene transcription. Until the recent discovery of 
histone demethylases (HDMs), histone methylation was considered to be a permanent 
modification. Three families of HDMs have been identified that antagonize histone methylation 
through distinctive mechanisms [1, 2] [3, 4]. The wide ranging impact of histone methylation on 
biological processes such as formation of heterochromatin, homeotic gene silencing and 
transcriptional regulation [5] underscores the importance of the demethylation process. In 
addition, a number of newly discovered HDMs appear to play an important role in tumorigenesis, 
therefore HDMs represent a promising target for cancer therapy[6-9]. We are therefore interested 
in examining the role of the Drosophila homolog of human JHDM3A/JMJD2A - the first 
trimethyl specific HDM discovered, during Drosophila development. Here we report the first 
cloning and functional characterization Dmel\JHDM3A. We have used a P-element suppressor 
fly line to examine the affect of disruption of the gene Dmel\JHDM3A on various aspects of 
Drosophila development. Interestingly, we observe that mutant flies display a twitching 
phenotype reminiscent of muscle and/or nervous system disruption [10, 11]. We have 
successfully generated two revertant fly lines through genetic crosses that have a precise excision 
of the P-element in the Dmel\JHDM3A gene. Importantly, these fly lines show no evidence of 
twitching, indicating that this phenotype is caused by the disruption of the Dmel\JHDM3A gene. 
However, embryonic antibody staining with neuronal antibodies revealed no observable defects 
  xii 
in nervous system during early development and climbing assay indicated no obvious defects in 
the climbing ability during adult stages, suggesting that the twitching behavior could be due 
either to muscular irregularities or due to subtle defects in the neuronal system that were not 
captured by the assays conducted. We observe through RT-PCR experiments that HDMs from 
two different families are expressed during various stages of development, indicative of the 
requirement and therefore the role of the various HDMs during Drosophila development. 
Additionally, longevity assay revealed that mutant male flies have a significantly shorter mean 
lifespan compared to wild-type flies. Furthermore, the preference for oviposition site is altered in 
the mutant flies such that the mutant females lay eggs away from food, which may not be in favor 
of the survival of the emerging larvae. This may be due to olfactory defects suggestive of an 
underlying neurological cause [12]. Dmel\JHDM3A did not show positive chromatin modifying 
effects as revealed through position effect variegation experiments. This does not however rule 
out the possibility that Dmel\JHDM3A contributes to chromatin modification in a subtle way that 
was not detected through PEV experiment. Taken together the results suggest that 
Dmel\JHDM3A plays specific roles in distinct processes during Drosophila development.  
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Covalent modifications such as acetylation, phosphorylation, ubiquitination and 
methylation decorate the N-terminal tails of histone proteins and play an important role in 
chromatin and transcriptional regulation. Whereas all the modifications are reversible, 
methylation was considered to be a permanent mark due to the irreversibility of this modification 
through half life experiments [13, 14] and histone demethylase (HDM) enzymes were yet to be 
identified. The recent discovery of histone demethylases has opened up a new avenue of scientific 
enquiry. This review will explore the journey beginning when the fist HDM was discovered. I 
will focus on the JmjC family HDMs, which is the largest HDM family with over one hundred 
proteins identified across prokaryotes and eukaryotes (Clissold and Ponting 2001). The recent 
discoveries have not only identified unique HDMs for nearly all of the histone methylation 
marks, but also unravel how this dynamic process is involved in epigenetic regulation with 
implications in development and cancer. 
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1.2 INTROCUCTION 
 
In order for eukaryotic DNA to fit into the nucleus, the DNA undergoes several levels of 
packaging aided by different proteins. Six histone proteins are responsible for the initial stages of 
DNA packaging into chromatin. Two pairs of each of the histones H2A, H2B, H3 and H4, called 
the core histones, form an octamer, a unit around which ~146 base pairs of DNA wind around to 
form a nucleosome. Linker histones H1 and H5, aid in further compaction by binding linker DNA 
that lies between two consecutive nucleosomes, aiding in both higher stability and 
condensation[15]. Histones are highly conserved proteins and are rich in positively charged 
amino acids that enable them bind with the negatively charged DNA molecule which facilitates 
DNA compaction.  
The N-terminal tails of the core histones protrude out of the nucleosome structure and are 
subject to multiple posttranslational covalent modifications such as acetylation, phosphorylation, 
ubiquitination and methylation. These modifications have been found to impact transcription of 
the underlying DNA[16].  
There are currently two hypotheses that explain how posttranslational covalent 
modifications on histone tails regulate gene transcriptional (Berger 2001; Grant 2001; Henikoff 
2005). The first hypothesis proposes that these modifications may operate via an electrostatic 
mechanism. Modifications such as acetylation and phosphorylation are thought to neutralize and 
thus reduce the affinity between the positively charged histone tail residues and the negatively 
charged DNA backbone. This charge neutralization reduces the affinity between histones and 
DNA, thus unraveling the tight packaging of the neucleosomal structure and making the DNA 
more accessible to transcriptional regulatory machinery. According to the second hypothesis, 
histone modifications such as acetylation and methylation act as binding sites for various proteins 
that mediate downstream effect [17]. For instance, acetylated lysine is recognized by the 
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BROMODOMAIN - a ~110 amino acid sequence found in a number of chromatin associated 
proteins, that are HAT-associated transcriptional co-activators [18]. Similarly, methylated lysine 
is recognized by the CHROMODOMAIN [19], PHD and TUDOR domains. For example, 
methylated H3K9, a modification generally associated with repressed chromatin, is specifically 
recognized by the chromodomain of HP1[5]. HP1 recognition and binding facilitates the spread 
and maintenance of this repressed chromatin state (Eissenberg and Elgin 2000; Bannister, 
Zegerman et al. 2001). However, the same modification (H3K9 methylation) has also been linked 
with active transcription [20]. HP1γ is one of the three isoforms of HP1, the others being HP1α 
and HP1β. While HP1α and HP1β are found to localize predominantly in heterochromatin, HP1γ 
is found both in euchromatin and heterochromatin. HP1γ was found to physically associate with 
phosphorylated RNA Polymerase II and is therefore associated with active gene transcription 
(Vakoc, Mandat et al. 2005). Therefore histone methylation by itself does not govern gene 
expression, but it’s the downstream proteins that recognize these modification states that 
ultimately dictate gene expression. Another example in support of the second hypothesis is with 
respect to phosphorylation of H3S10, which has contrasting effects on chromatin and gene 
regulation depending on recognition and binding of downstream proteins. Phosphorylation of 
H3S10 is associated with mitotic and meiotic chromosome condensation[21]. Phosphorylation on 
the same residue has been found to cause gene activation in yeast genes that are regulated by the 
HAT Gcn5 and in the regulation of heat shock genes in Drosophila melanogaster[22]. Although 
the mechanism is not fully understood, it is thought that the H3S10 phosphorylation mark is 
recognized by two different sets of downstream effector proteins that are responsible for the 
contrasting outcomes from the same modification.  
If the entire array of histone tail modifications and the corresponding effector proteins 
that recognize these modifications is listed out, the resulting table can be used as a chart that can 
predict the state of gene expression for a given set of conditions. This information could be used 
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in the future as a powerful tool to regulate gene expression by manipulating the covalent 
modifications on histone tails. 
Enzymes responsible for the addition and removal for all the covalent modifications 
except methylation had been identified. Methylation was therefore considered to be a permanent 
modification until the recent discovery of the first true histone demethylase – Lysine Specific 
Demethylase 1 (LSD1) (Shi, Lan et al. 2004) . This was soon followed by the discovery of the 
JmjC domain containing demethylases in 2006 [4] which constitutes the largest HDM family so 
far [23].  
Subsequent sections will focus on the dynamic process of histone methylation, its 
discovery and the role it plays in epigenetics, development and in disease. 
 
1.2.1 Histone methylation is a dynamic process 
 
Histone methylation occurs on arginine (R) and lysine (K) residues on histones H3 and 
H4 [16]. Lysine residues can be mono-, di- or trimethylated, whereas arginine residues can be 
mono- and dimethylated only [5]. While arginine methylation is mediated by Protein Arginine 
MethylTransferase (PRMT) family of proteins, lysine methylation is mediated by SET- domain 
(Su(var), Enhancer of zeste, Trithorax) containing proteins and non-SET domain proteins [5].  
Histone methylation was considered to be a permanent modification, owing to several 
studies that demonstrated the irreversibility of histone methylation through half-life experiments 
[13, 14]. In an experiment that demonstrated the permanent nature of histone methylation, radio 
labeled methionine was allowed to get incorporated into the primary structure of the histone 
proteins as well as function as the donor of methyl groups for the methylation of arginine and 
lysine residues on the N terminal tails of histones. Therefore the half-life of methyl groups added 
to the N-terminal tails could be compared with the methionine residues in the histone protein 
itself. After an incubation period, a comparison of the half lives of radio labeled methionine 
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residues in histone fractions and methylated arginine and lysine revealed no difference, indicating 
that lysine and arginine methylation was permanent. These experiments therefore ruled out the 
existence of a dynamic or enzymatic means of histone demethylation. This led to the search for 
alternate mechanisms for removal of methyl groups from histones such as histone tail 
clipping[24] and histone replacement[25]. However, there was always compelling evidence for 
the existence of a histone demethylase enzyme as observed through experiments conducted more 
than three decades ago [26-28]. It was demonstrated that an enzyme purified from rat kidneys, 
specifically from the mitochondrial fraction, successfully demethylated both mono- and dimethyl 
lysine substrates with the release of formaldehyde and oxygen in stoichiometric amounts. Various 
enzyme kinetics experiments further confirmed the efficacy of the purified enzyme. It is 
noteworthy that the release of formaldehyde is considered to be a sign of successful 
demethylation in the current mechanism of demethylation for both LSD1 and JmjC HDMs as 
well. Subsequently, in another report, it was demonstrated that H3K9 methylation marks get 
erased upon transcriptional activation and restored upon transcriptional repression of certain 
inflammatory genes [29] indicating that methylation must be a dynamic process.  
The first histone demethylase identified was an arginine demethylase called 
Peptidylarginine deaminase 4 (PAD 4)[2]. However it was not considered to be a strict HDM as 
the demethylation reaction produced citrulline as opposed to unmehtylated arginine residue. In 
addition, PADI 4 is not specific to methylated arginine; it converts both methylated and 
unmehtylated arginine to citrulline. The first true demethylase to be discovered was LSD1 [3], 
which is specific to lysine residues and can only remove mono- and dimethylation marks, but not 
trimethylation marks [30]. This is due to the mechanism of LSD1 mediated demethylation that 
requires protonated nitrogen for demethylation to take place. Therefore LSD1 demethylation is 
limited to mono- and dimethyl substrates only. In addition, the LSD1 family is small, comprising 
of approximately 10 known members in mammals [31] that could not account for the 
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demethylation of the entire array of methylated residues and methylation states. This left the 
possibility of a novel HDM family that had yet to be discovered. The JmjC domain containing 
HDMs form the second family of true demethylases and comprises proteins that use an oxidative 
hydroxylation mechanism for demethylation [30].  This mechanism precludes the need for 
protonated nitrogen thus is capable of removing trimethyl marks unlike the LSD1 family. The 
JmjC family is the largest HDM family with nearly 100 JmjC domain containing proteins 
identified from eukaryotic and prokaryotic organisms through sequence alignment searches 
(Clissold and Ponting 2001). Of the 98 JmjC proteins identified in various organisms, 30 are 
found in humans, 30 in the mouse, 13 in Drosophila (only dUTX has been characterized in the 
organism), 13 in C. elegans and 12 in yeast [23]. Most of the novel HDMs that have recently 
been discovered belong to the JmjC family, therefore there is a high likelihood that the HDMs yet 
to be discovered will also belong to the JmjC family as well [32-35]. The focus of the subsequent 
sections is largely going to be on the JmjC family of histone demethylases. 
 
1.2.2 Identification of the first JmjC proteins 
 
JmjC stands for Jumonji (jmj) C which is the conserved domain in this family of proteins. 
The JmjC domain is conserved from bacteria to eukaryotes and belongs to the cupin superfamily 
of metalloenzymes [36]. Some of the Jmj proteins also contain an additional conserved domain 
near the N terminus and therefore is called the JmjN domain. However, it is the JmjC domain that 
imparts the demethylase function and therefore this family is named after the JmjC domain. The 
name Jumonji was coined by the Japanese team that first identified the gene in mouse through a 
gene-trap screen[37]. Jumonji means a cruciform shape in Japanese, which was the morphology 
produced by the mutated gene during neuronal tube development in mice.  
Although some of the JmjC proteins had been characterized and were found to be 
chromatin regulators (Clissold and Ponting 2001; Ayoub, Noma et al. 2003), the mechanism of 
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the demethylation process was yet unknown. Some of the chromatin binding motifs had 
previously been identified such as PHD, ARID and Zinc finger domain. These motifs/conserved 
domains form the basis on which the JmjC family proteins are now categorized (Klose, Kallin et 
al. 2006; Takeuchi, Watanabe et al. 2006). The mechanism for histone demethylation was first 
proposed [38] based on DNA demethylation in E.coli  by the AlkB protein(Falnes, Johansen et al. 
2002; Trewick, Henshaw et al. 2002). In E.coli single strand DNA damage caused by methylating 
agents produce 1-methylcytosine and 1-methyladenine. These damages are cytotoxic as they stall 
DNA replication and the known DNA repair pathways did not repair this type of DNA damage 
(Trewick, Henshaw et al. 2002). It was observed that AlkB was one of the genes overexpressed in 
E.coli that were exposed to DNA alkylating agents. Fe(II) and α–ketogluterate were identified to 
be the cofactors of the AlkB protein through theoretical protein fold recognition tests. This 
enabled the design of an assay based on the cofactors and unraveled the mechanism of DNA 




Fig. 1. Mechanism of DNA demethylaiton. 
(Trewick, Henshaw et al. 2002) depicts the demethylation of methylated adenine and cytosine 
residue in DNA, mediated by AlkB in the presence of cofactors Fe(II) α– ketogluterate. (Figure 
has been reproduced from reference [39]) 




It was proposed in this theory that histone demethylation could occur through a similar 
mechanism as DNA demethylation Fig. 2 [38]. This is also the first time that a JmjC domain 
containing protein Epe1 identified in S. pombe was not only found to be a chromatin regulator 
[40] but was also predicted to function as a histone demethylase following the mechanism 






Fig. 2. Parallels between DNA demethylation and histone demethylation. 
2A). AlkB mediated DNA demethylation. B) Proposed mechanism of histone demethylation 




The first assay developed that was based on the predicted demethylation mechanism, 
outlined in Fig. 3, was fruitful in identifying a novel JmjC protein FBX11 that could demethylate 
H3K36me2. The assay was based on the release of formaldehyde as an indication of successful 
demethylation[4]. The mechanism of demethylation is depicted in Fig. 3.  






Fig. 3. Actual mechanism of histone demethylation through hydroxylation by JmjC HDMs. 
Mechanism of histone demethylation by JmjC domain proteins. In a two-step process, methylated 
lysine first gets hydroxylated into an unstable carbionl amine intermediate in the presence of the 
cofactors FE(II) and α–ketogluterate. In the second step, the unstable carbinol amine generates an 
unmethylated lysine accompanied by the release of formaldehyde. Figure has been reproduced 




This protein was named JmjC Domain Containing Demethylase 1A (JHDM1A) by the 
founding team, as this was the first demethylase to have been characterized. The same team also 
demonstrated that JmjC domain imparted demethylase activity to the enzyme. The JmjC domain 
is involved in the binding of both the cofactors in the reaction – Fe(II) and α–ketogluterate. Thus 
a new class of HDMs was discovered. 
 
1.3 CLASSIFICATION OF JMJC PROTEINS 
 
The first JmjC gene called jumonji (now known as JARID2) was found to contain two 
conserved domains based on amino acid sequence homology with its closest homologs – 
Retinoblastoma binding protein 2 (RBP2) and XE169 (now known as JARID1C)[37]. These two 
domains are most likely the JmjN and JmjC domains. These two conserved domains were later 
used to identify 18 proteins that share sequence homology from yeast to mammals [42]. These 
proteins were classified into three groups by generating a dendrogram. However, subsequent 
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classifications based on only the JmjC domain alignment resulted in the merger of the three 
groups into a single group (group1) (Clissold and Ponting 2001) – now called the JARID 
group[23] Table. 1. Currently, JmjC proteins are divided into seven groups based on the 
conserved domains that each group member shares.  
 
 
Table. 1. Classification of JmjC domain histone demethylases 
 JmjC HDM classification Conserved domains 
1 JHDM1 JmjC, Zinc Finger, PDH, F-Box 
2 JHDM2/JMJD1 Zinc Finger, JmjC 
3 JHDM3/JMJD2 JmjN, JmjC, double PHD, double Tudor 
4 JARID JmjN, Bright/Arid, PHD, JmjC, Zinc Finger, PHD 
5 JmjC Only JmjC 
6 UTX/UTY Multiple TPR, JmjC 
7 PHF2/PHF8 PHD, JmjC 
 
 
1.4 HDMs RECENTLY DISCOVERED  
 
Histone methylation occurs on arginine and lysine residues. Arginine methylation is 
mediated by PRMT family of proteins and lysine methylation is mediated by SET-domain 
containing proteins and DOT1/DOT1L proteins[5]. Histone arginine methylation is generally 
associated with transcriptional activation, whereas histone lysine methylation is associated with 
both active and repressed genes[41]. With respect to lysine methylation, it appears that the 
following factors ultimately dictate the state of gene transcription: (1) the histone protein and the 
lysine residue – methylated H3K4, H3K36 and H3K79 residues are generally associated with 
active genes, whereas methylated H3K9, H3K27 and H4K20 residues are generally associated 
with heterochromatin and repressed genes within euchromatin [20], (2) the state of methylation 
(mono, di or tri methylation) – demethylated H3K4 is found to occur at both active and repressed 
genes, while the trimethylated state occurs exclusively in active genes in an experiment with 
Saccharomyces cerevisiae[43]. In another example, the PHD domain within a protein found in 
NURF remodeling complex aids in the specific targeting of the NURF complex to trimethylated 
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H3K4 [44, 45]. This specificity is important in maintenance of active HOX gene expression 
patterns during development [46] and (3) methylation at a specific region within a given gene - 
methylated H3K9 is generally associated with repressed genes. It was however observed that di- 
and trimethylated H3K9 occur in transcribed regions of active genes in mammalian chromatin 
[20]. The methylation mark is recognized by an isoform of HP1 - HP γ which physically 
associates with the elongating form of RNA polymerase II. Therefore the state of gene expression 
depends on not only the histone protein and the lysine residue, but also on the state of methylation 
and on the region that is methylated within the gene. 
Since the discovery and characterization of the first JmjC HDM, a number of 
demethylases have been discovered. Table. 2. captures all the residues on H3 and H4 that get 
methylated [16], and the corresponding HDMs that have been discovered so far.  
 
  12 











R2 CARM1[32] me2 JMJD6[32] Activation [16] 
me1/2 LSD1 (2004) K4 SET 
(SET1,MLL1) me1/2/3 RBP2/JARID1A[47] 
Lid = JARID1A[48] 
Activation 
 








R17 CARM1[32] Not 
Identified 
(NI) 
NI Activation [16] 
R26 CARM1[32] NI NI Activation[16] 
K27 SET  
(EZH2) 
 JMJD3/UTX[33] Repression 
me1/2 JHDM1(Tsukada, Fang et al. 
2006) 





K79 DOT1  
(Dot1L) 
NI NI Activation 






NI NI Repression 
H4 




1.5 ROLE OF HISTONE METHYLATION IN EPIGENETIC REGULATION OF 
DEVELOPMENT AND CANCER 
 
Histone methylation functions as an epigenetic regulator by recruiting downstream 
effector proteins that are responsible for activating or repression of genes. The following 
examples highlight this aspect through case points where histone methylation/demethylation is 
the epigenetic regulator that affects gene expression during development and cancer. 
The human homolog of the HDM JMJD2A/JHDM3A in C.elegans is called ceJMJD2. 
This HDM is a H3K9 and H3K36 specific demethylase that can remove the trimethyl group as 
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well. RNAi depletion of ceJMJD2 resulted in an increase in the general H3K9Me3 levels and a 
localized increase of H3K36Me3 levels on the meiotic chromosomes and this triggered a DNA-
damage induced p53 dependent germline apoptosis[51]. The imbalance in histone methylation 
due to RNAi depletion either caused an increase in the number of DNA double strand breaks or a 
delay in DNA repair. This example demonstrates the role played by the HDM during germline 
development and shows that the imbalance of histone methylation state can lead to severe 
developmental defects. 
The HDM PLU-1 belongs to the JmjC family and is specific to the H3K4Me3 state. PLU-
1 was initially isolated as a transcript overexpressed in human breast cancer cell lines. RNAi 
knockdown of the gene reduced the proliferative capacity of MCF-7 cell lines [8]. Further 
analysis reveled that PLU-1 knockdown increases the G1 phase cell population, thus providing a 
direct link between the upregulation of the genes and cell cycle progression in breast cancer cell 
lines. Methylated H3K4 is generally associated with gene activation; therefore the impact on 
target genes was examined. One of the target genes of PLU-1 is BRCA1, a tumor suppressor 
linked with breast cancer [8]. It was found that PLU-1 directly associates with the transcriptional 
start site of the BRCA1 gene, suggesting the mechanism through which it represses this target 
gene. This example demonstrates the role played by the HDM PLU-1 in the proliferation of 
cancer cells through the repression of a tumor suppressor gene. 
LSD1 and JMJD2C are two HDMs that function as H3K9 specific demethylases when 
bound in an Androgen Receptor (AR) complex [9]. Ligand bound AR associates with these two 
HDMs to turn on AR target genes by the demethylation of the repressive H3K9 methylation 
mark. Further, the knockdown of either LSD1 or JMJD2C causes severe inhibition of androgen-
dependent proliferation of prostate cancer cells.  This demonstrates that the HDMs LSD1 and 
JMJD2C cause the activation of AR target genes which in turn induces prostate tumorigenesis. 
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Therefore specific modulation of either of the HDMs may prove to be a promising therapeutic 
target in prostate cancer.  
In the recent past, several HDMs have been implicated in tumorigenesis and disease 
states such as X-linked mental retardation [52], developmental defects and in stem cell renewal 
and differentiation [51, 53] . These new discoveries strengthen the premise for studying HDMs 
and unraveling the mechanisms though which these novel enzymes regulate important biological 
processes.  
 
1.6 CONCLUDING REMARKS 
 
Histone methylation is a dynamically regulated process with several known histone 
methyltransferase genes and novel histone demethylase genes that have been recently discovered. 
There are yet a number of methylated histone residues for which HDMs have not been identified. 
Therefore, the focus is yet to shift from discovering more HDMs to investigating the role of these 
novel genes in biological processes.  
There appears to be a close link between misregulation of histone methylation and 
carcinogenesis. This area is currently being focused and several HDMs have already been 
identified as candidates for cancer therapy. It would be interesting to find out the mechanism and 
the pathways that produce the disease states. Ultimately, the discovery of HDMs has opened 
another avenue to be investigated and to better understand the overall role of histone methylation 
in the field of epigenetics. 
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CHAPTER 2:  INTRODUCTION 
 
The N-terminal tails of the core histones H2A, H2B, H3 and H4 protrude out of the 
nucleosome structure and are subject to multiple posttranslational covalent modifications such as 
acetylation, phosphorylation, ubiquitination and methylation. These modifications have been 
found to impact chromatin state, epigenetic information and govern gene transcription [16]. 
Whereas all the modifications are reversible, methylation was considered to be a permanent mark 
due to the irreversibility of this modification as demonstrated though half life experiments [13, 
14] as well as because histone demethylases (HDMs) enzymes were not yet identified. Lysine 
Specific Demethylase 1 (LSD1) was the first HDM to be [3]. This was followed by the discovery 
of the JmjC domain containing demethylases [4] which constitutes the largest HDM family so far 
[23]. There are over 100 JmjC domain containing proteins identified across prokaryotes and 
eukaryotes [36]. The JmjC proteins are categorized into seven families based on domain 
similarities [23] Table. 1. 
Moving back to histone methylation, arginine and lysine are the two residues that get 
methylated. Lysine residues can be mono-, di- and trimethylated whereas arginine residues are 
mono- and dimethylated. These modifications function as docking sites for effector proteins that 
produce diverse functional outcomes[5]. Histone methylation has been implicated in multiple 
biological processes that include heterochromatin formation, X-chromosome inactivation and 
imprinting, transcriptional regulation, HOX gene silencing and DNA-damage response [5]. 
Aberrant histone methylation has been linked with cancer [54]. Therefore the discovery of HMDs 
opens up a new avenue for studying epigenetics in the context of gene regulation and also as a 
target for cancer therapy.  
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The JmjC HDM family is categorized into seven sub-families Table. 1[23]. JHDM1 is 
the first sub-family and consists of two genes Table. 3. There is a single Drosophila homolog in 
the JHDM1 sub-family. It is the homolog of human JHDM1B/FBX10 with the gene accession 
number CG11033. It is represented as Dmel\JHDM1B henceforth. JMJD1/JHDM2 is the second 
sub-family and consists of four genes. The single Drosophila homolog belonging to this sub-
family has a gene accession number CG8165 and is denoted as Dmel\JHDM2B after its human 
homolog. JHDM3/JMJD2 is the third family and JHDM3A was the first trimethyl specific HDM 
discovered. In silico, six genes have been identified in this family [55] - JHDM3A/JMJD2A to F. 
However, JMJD2E/JHDM3E and JMJD2F/JHDM3F are intronless genes that do not have human 
ESTs and lack their own promoter regions. They are therefore considered to be pseudogenes [51] 
(Shin and Janknecht 2007) [56]. JHDM3A/JMJD2A – JHDM3C/JMJD2C share all four 
conserved domains – JmjN, JmjC, PHD and Tudor. In contrast, JMJD2D/JHDM3D encodes a 
shorter protein that lacks the C-terminal double PHD and Tudor domains Fig. 4.  
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Table. 3. JmjC HDM families, their subfamilies and model organisms they are characterized in. 
Family Name Sub families and Genes 
(Human)  
Characterized in organisms 
1) JHDM1 JHDM1A (FBXL11) and 
JHDM1B (FBXL10) 
Drosophila molanogaster 
homolog – Dmel/JHDM1B 
(CG11033) 
 
Epe1 in S. pombe has a single JmjC 
domain. Produces two phenotypes – 
alleviation of silencing within 
heterochromatin and expansion of silent 
chromatin into euchromatin. However, 
mechanism is predicted to be due to 







homolog – Dmel/JHDM2B 
(CG8165) 
Mouse JMJD1A/JHDM2A - controls 
genes that are required for packaging and 
condensation of sperm chromatin, 











1) ceJMJD2, the C. elegans homolog of 
JMJD2A/JHDM3A 
 - DNA-damage induced p35 germline 
apoptosis [51] 
2) Rph1, the S. cerevisiae homolog of 
JMJD2D (most likely) is a H3K36me3/2 
and H3K9me3[59]  
4) JARID JARID1 sub-family, contains 
JARID1A – 1D and JARID2 
sub-family only JARID2 
(JARID1A Drosophila 
homolog is Lid) 
1) Lid is a Drosophila homolog of 
JARID1D. In S2 fly cell culture, it was 
demonstrated to be a H3K4me3 specific 
demethylase and a positive regulator of 
Ubx HOX gene. It has already been 
classified as a Trithorax gene.[48] 
2)PLU-1 
5) JmjC domain 
only 
JMJD4, JMJD5, JMJD6  
NO66, MINA53, PLA2G4B, 
FIH, HSPBAP1, LOC339123 
1) NO66 implicated in lung cancer[60] 
2) MINA53 is implicated in oesophageal 
[61] and colon cancer [62] 
6) UTX/UTY JMJD3, UTX, UTY 1) dUTX is the Drosophila homolog of 
UTX. dUTX is a H3K27me3 
demethylase. In terms of its function, 
initial characterization indicates that it 
associates with RNA polyII on actively 
transcribed genes and heat shock loci[63].  
7) PHF2/PHF8 PHF2, PHF8, KIAA1718 1) Jhd1 (PHF8 but also categorized in 
JHDM1 family) in S. cerevisiae is a 
H3K36me2 demethylase, but its 
biological function is not determined.[64] 
2) Nonsense mutation causing the 
truncation of the JmjC domain in human 
PHF8 is associated with cleft lip/cleft 
palate and X linked mental 
retardation.[65, 66] 
 









Fig. 4. Conserved domains found in the human JMJD2/JHDM3 family of HDMs. 
JMJD2A/JHDM3A – 2C/3C share all four conserved domains – JmjN, JmjC, double PHD (Note: 
COG5141 is actually the second PHD domain) and double Tudor domain. JMJD2D is the only 
protein that is missing the double PHD and Tudor domains. 
These diagrams are produced using Bioinformatic Tools at NCBI website. 
 
  19 
In vivo and in vitro analysis of the catalytic activity of the four human JHDM3/JMJD2 
proteins revealed that the four proteins did not share substrate specificity. However, there was no 
consensus between the in vitro and in vivo studies. There appeared to be broader substrate 
specificity in in vivo experiments (Tan, Wu et al. 2007). This difference is attributed to the vast 
number of cellular components that affect the demethylation reaction that are unidentified and 
therefore not reproducible during in vitro experiments.  These unidentified factors affect 
chromatin structure which in turn influences the demethylation process resulting in an increase in 
the substrate specificity found in in vivo studies. Therefore only in vivo experimental results are 
considered here. Table. 4 summarizes the substrate specificities found in the JMJD2/JHDM3 
family of HDMs. 
 
 
Table. 4. The JHDM3/JMJD2 family and their substrates 
Gene Name Substrates 
JHDM3A/JMJD2A H3K9 me3/2 and H3K36 me3/2(Cloos, Christensen et al. 2006; 
Klose, Yamane et al. 2006; Shin and Janknecht 2007) 
JHDM3B/JMJD2B H3K9 me3/2 and H3K36 me2[6, 67] 
JHDM3C/JMJD2C H3K9 me3/2 and H3K36 me3/2(Cloos, Christensen et al. 2006; 
Shin and Janknecht 2007) 




The first JmjC HDMs was identified only two years back (Tsukada, Fang et al. 2006). 
Since then a number of JmjC HDMs have been identified and biochemically characterized, 
predominantly through in vitro or cell culture experiments. Therefore their biological function in 
the context of animal models is poorly understood. The genes that have so far been characterized 
in metazoans are indicated in bold underlined letters in Table. 3. 
Lid and dUTX (Table. 3) are the two Drosophila JmjC HDM genes that have been 
characterized in the model organism of our interest so far. Lid is a homolog of human JMJD1D 
and is a H3K4me3 specific demethylase. It was found to be a positive regulator of the HOX gene 
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Ubx in Drosophila cell culture [48] and Lid associates with dMyc in in vivo experiments [68]. 
dUTX is a H3K27me3 demethylase that associates with RNA polymerase II to initiate 
transcription on transcriptionally poised genes [63]. We were interested in studying the first 
trimethyl specific JmjC HDM with particular focus on its role during development. 
Here we report the first cloning and functional characterization of a Drosophila HDM 
gene CG15835 represented as Dmel\JHDM3A, which is the homolog of the human 
JMJD2A/JHDM3A. We have used a P-element suppressor fly line to examine the affect of 
disruption of the gene on various aspects of Drosophila development and lifecycle including 
reproductive viability. We observe that the P-element suppressor flies display a twitching 
phenotype reminiscent of muscle and/or nervous system disruption. However, embryonic 
antibody staining with neuronal antibodies revealed no observable defects in nervous system 
during early development and climbing assay indicated no obvious defects in the climbing ability 
during adult stages, suggesting that the twitching behavior could be due to muscular defects or 
due to subtle defects in the neuronal system that were not captured by the assays conducted. We 
observe that Dmel\LSD1 and three other Drosophila JmjC HDMs are transcriptionally expressed 
during all the stages of development, indicative of the requirement and therefore the role of the 
various HDMs during Drosophila development. Dmel\JHDM3A has been cloned through a RT-
PCR based strategy from adult and pupa stages. Four mismatches in the coding region were 
observed in all the clones that were sequenced. However, these mismatches do not alter the amino 
acid sequence. Fecundity assay was conducted in order to test the hypothesis that Dmel\JHDM3A 
may have a similar function during development as the C.elegans counterpart, where disruption 
of the gene affected gametogenesis [51]. Although there was no observable difference in the 
number of eggs laid and in the survivorship of the eggs to second instar and adult stages, there 
appears to be a significant difference in the preference for oviposition site among the mutant flies. 
The mutant females laid their eggs away from the food in significantly larger numbers compared 
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to the wild-type flies that laid their eggs within and around the food. This could be due to 
olfactory defects suggestive of an underlying neurological cause [12]. Additionally, longevity 
assay revealed that mutant male flies begin to die out earlier than wild-type flies. The mechanism 
that links disruption of the HDM with longevity is yet unknown, but the role of the histone 
deacetylase (HDAC) Sir2 in increasing longevity is well characterized in a number of organisms 
including Drosophila [69, 70]. Both HDMs and HDACs regulate gene expression through 
epigenetics, therefore it would not be surprising if Dmel\JHDM3A also followed a similar 
mechanism that affected longevity in Drosophila. Finally, we have generated two revertant fly 
lines that have a precise excision of the disrupting P-element in the Dmel\JHDM3A gene. 
Importantly, the revertant flies do not display the twitching phenotype, indicating that this 
phenotype is caused by the disruption of the Dmel\JHDM3A gene. It is important to note that 
Drosophila has a second HDM in the JHDM3/JMJD2 family, namely Dmel\JHDM3C that not 
only shares its conserved domains with Dmel\JHDM3A Fig. 5, but is specific to the same 
substrates as well Table. 4. This gene could therefore be producing functional redundancy to the 
Dmel\JHDM3A gene. In conclusion, our results suggest the Dmel\JHDM3A plays specific roles 




Fig. 5. Conserved domains in Dmel\JHDM3A and Dmel\JHDM3C. 
The Drosophila homologs of human JMJD2A/JHDM3A and JMJD2C/JHDM3C have only the 
JmjN and JmjC domains. They do not have the double PHD and Tudor domains. 
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2.1 DROSOPHILA MELANOGASTER AS A MODEL ORGANISM 
 
Drosophila melanogaster is an excellent model organism that is especially popular in the 
field of developmental biology and genetic studies. Listed below are some of the general reasons 
that make Drosophila a good model organism. 1) The Drosophila genome has been completely 
sequenced. 2) It is a diploid organism with four chromosomes. 3) Male flies do not undergo 
recombination by nature. 4) Balancer chromosomes are genetically altered chromosomes 
generated from multiple inversions such that they do not undergo recombination during meiosis. 
They carry dominant markers that allow genetic scoring and tracking of genes that otherwise do 
not have a dominant phenotype or have an unknown phenotype. Balancer chromosomes are 
homozygous lethal as well [106]. Balancers are therefore a very useful tool for genetic crosses 5) 
There are numerous other genetic tools that easily accessible such as  - cDNA library and clones, 
RNAi fly lines for various genes, P-element inserted fly lines that disrupt or overexpress 
particular genes, numerous GAL4 driver lines that can be used to tissue and stage specifically 
express genes in a UAS based system and stock centers such as Bloomington and websites such 
as Flybase.org and Berkley Drosophila Genome Project (BDGP) provide the most updated 
information regarding every aspect of Drosophila genetics. 8) Drosophila has a short lifecycle of 
10-12 days with five distinct stages of development that is temperature dependent Fig. 6. The 
stages of development are at 25ºC are -  egg (day zero), first instar larva (hatches out of egg after 
24 hours at day 1), second instar larva (after first instar grows and molts for the first time at day 
2), third instar larva (after second instar grows and molts for the final time at day 4), pupa 
(between days 5 to10) and adult (ecloses from a mature pupa between days 10 -12). 9) Their 
development time increasing as the temperature is increased from 18ºC (lower end) to 25ºC 
(normal growing temperature) to 29ºC (the higher limit). 10) According to the Homophila 
database, 77% of human disease genes have homologs in Drosophila [71] 11) Females lay ~ 500 
eggs during their life span. This high level of fecundity combined with space effective and cheap 
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maintenance makes them suitable for genetic study. They can be screened in large numbers 
within a short period of time.  
 
 
Fig. 6. The life cycle and the various stages of development of Drosophila melanogaster. 





Drosophila is a suitable organism to study HDMs in particular because of the following 
reasons – 1) Dmel HDMs share a high domain homology with the human counterparts. 
Alignments of the conserved domains of all HDM families [23] shows that there are Drosophila 
homologs in five of the seven JmjC families – JHDM1, JMJD1/JHDM2, JMJD2/JHDM3, 
UTX/UTY and JARID. In all five families, the predicted cofactor binding domains for both Fe(II) 
(red) and α-KG(blue) (as indicated in the article and Fig. 7), are conserved in all Drosophila 
homologs except CG3654 – the JARID2 homolog.  2) Dmel\JHDM3A which is the focus of our 
study, shares a high degree of homology both in the entire protein as well as in the conserved 
domains. Fig. 7. and Table 4. 3) There are various fly lines available to study the effect of 
knowndown of Dmel\JHDM3A 3A) At Bloomington Stock Center, website - 
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http://flystocks.bio.indiana.edu, a number of fly stocks for P-element activation and repression 
are available for both Dmel\JHDM3 homologs. The fly line available for the study of 
Dmel\JHDM3A is of the genotype: y1 w67c23; P{SUPor-P}CG15835KG04636 with stock number – 
13828. 3B) At Szeged Stock Centre, website – http://expbio.bio.u-szeged.hu/fly/index.php a 
single UAS activator P-element line for Dmel\JHDM3A is available with genotype -  
P{EP}CG15835EP2055 and a single P-element line for Dmel\JHDM3C with genotype 
P{EP}CG33182EP728 .3C) At Vienna Drosophila RNAi Center, website 
http://stockcenter.vdrc.at/control/main two RNAi fly lines are available for Dmel\JHDM3A 
(CG15835), one of which is lethal – with Transformant ID – 32650 and a single RNAi line for 
Dmel\JHDM3C (CG33182) which is viable. 3D) At NIG-FLY: Fly Stocks of the National 
Institute of Genetics, website http://www.shigen.nig.ac.jp/fly/nigfly/ two RNAi fly lines are 
available for Dmel\JHDM3C (CG33182), but not for Dmel\JHDM3A (CG15835). 4) Flybase.org 
has RNAi design, ie, the primers are designed and the non-conserved regions for RNAi targeting 
is given. These primers can be used if RNAi lines are created in the lab. 5) Various fly lines are 
available at Bloomington Stock Center to study position effect variegation (PEV). These flies 
have certain marker genes such as eye color gene white, or stubble gene Sb, juxtaposed with 
heterochromatin. In the presence of possible chromatin regulators, the  heterochromatin will 
either spread causing the suppression of the juxtaposed gene, a phenomenon that is referred to as 
‘Enhancement of variegation’, or the chromatin regulator may stop the spread of heterochromatin, 
resulting in the overexpression of the juxtaposed gene, a phenomenon referred to as ‘Suppression 
of variegation’. There were PEV flies available that were suitable for studying PEV in the P-
element suppressor flies for Dmel\JHDM3A. Due to the presence of a mini white gene and 
yellow gene as markers in the P-element suppressor fly line of Dmel\JHDM3A, a fly line a 
variegation of the stubble gene was most suitable. The genotype of this fly line is - T(2;3)SbV, 
In(3LR)P35, In(3R)Mo, Sb1 sr1/SM1; TM2, with stock number 879 from Bloomington 
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Drosophila Stock Center. Therefore all the tools and fly lines to study HDMs, specifically 




Fig. 7. Five among seven families of JmjC HDMs have Drosophila homologs. 
The JmjC domains of human and Drosophila proteins are aligned. Alignments are highlighted in 
shades of gray and black. The predicted cofactor binding sites are indicated in red (FeII) and blue 
(α –KG). Note that the cofactor binding sites are consistently conserved across all the families 
except JARID family at a single predicted α –KG binding site. This diagram is a reproduction 
from [23], only the human and fly homologs were taken. 
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2.2 RATIONALE 
 
The various epigenetic modifications such as DNA methylation and the range of covalent 
histone modifications regulate chromatin and impact gene expression. Histone methylation was 
considered to be the lone modification that was permanent. The recent discovery of HDMs and 
the rapidly growing number of these novel proteins has established the dynamic state of the once 
believed static modification. Histone methylation plays an important role in epigenetics [5] and 
misregulation of this modification has been previously linked with cancer[54]. Therefore the 
discovery of HMDs opens up a new avenue for studying how the dynamic process of histone 
methylation in involved in epigenetic regulation of gene expression, and to explore whether these 
novel proteins can be used as targets for cancer therapy.  
The first HDM discovered that was a trimethyl specific demethylase was the human 
JHDM3A gene [35]. We wanted to investigate the role of the homolog of this gene in the model 
organism Drosophila, specifically during development. JHDM3A/JMJD2A was found to be a 
H3K9 me3/me2 and H3K36 me3/me2 specific demethylase Table. 4. Overexpression of the 
human JHDM3A gene antagonizes HP1 recruitment to pericentric heterochromatin, and RANi 
knockdown leads to upregulation of its target gene ASCL2. This finding brings to light the role of 
the HDM as a regulator of both chromatin as well as gene expression through epigenetics [35].  
The C. elegans homolog of this gene, ceJMJD2, has been previously found to play an important 
role during gametogenesis. RNAi depletion of ceJMJD2 resulted in an increase in general H3-
K9Me3 and localized H3-K36Me3 levels on meiotic chromosomes and triggered p53-dependent 
germline apoptosis [51]. This finding highlights the role of the HDM as a chromatin regulator and 
its specific role during C. elegans development. JMJD2A/JHDM3A and JMJD2D/JHDM3D 
associates with Androgen Receptor (AR) and activates the AR target gene - prostate-specific 
antigen (PSA) by demethylating H3K9 at its promoter regions (PSA is considered to be an early 
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marker for prostate cancer). AR plays a major role in prostate cancer development; therefore AR 
ablation is used in the treatment of prostate cancer[72]. However, its effectiveness diminishes 
over time, therefore in view of looking for alternative and effective means of controlling prostate 
cancer, the coactivators of AR – JMJD2A/JHDM3A and JMJD2C/JHDM3C may prove to be 
potential therapeutic targets. This article highlights the potential role of the gene in prostate 
cancer as well as underscoring the importance of HDMs in cancer therapy.  
Specifically, we wanted to characterize the role of this gene during Drosophila 
development, and document any variations from WT characteristics in a knockdown model of 
Dmel\JHDM3A. The P-element based gene disruption [73] was the choice of knockdown model 
as opposed to the RNAi – GAL4 based system [74]. Although the RANi-GAL4 based system has 
several such as targeted expression in various tissues and development stages, the main 
disadvantage of the system is the unpredictability of the extent of gene disruption. The extent of 
gene disruption can be assessed only after creating the RNAi fly lines, which in itself is a time 
and resource intensive process. Moreover, the RNAi-GAL4 system is not a complete system till 
the generation of a corresponding overexpression fly line with which the RNAi can be rescued. 
Considering these restrictions the P-element suppression fly lines were the choice of knockdown 
system. Not only were the fly lines with specific disruption in Dmel\JHDM3A commercially 
available but generating revertant fly lines to study the rescue effect was comparatively less 
resource intensive and also well established and very effective [75]. 
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2.3 SPECIFIC AIMS 
 
In light of the rationale, the specific aims of this project were to first determine whether 
the HDMs recently discovered in humans also existed in Drosophila, and whether they were 
expressed during all the stages of Drosophila development. Secondly, RNAi knowkdown of the 
C.elegans homolog of JMJD2A/JHDM3A produced DNA-damage induced p53 dependent 
germline apoptosis(Whetstine, Nottke et al. 2006). Therefore we hypothesized that 
Dmel\JHDM3A knowndown may have an effect on Drosophila reproduction. Finally, in light of 
previous study in C.elegans and human where JMJD2A/JHDM3A is a H3K9me3/2 specific 
demethylase Table. 4, a methylation state that generally causes euchromatic gene silencing [5], 
the third aim was to determine whether Dmel/JHDM3A is also a chromatin regulator. It was 
hypothesized that the knockdown of Dmel/JHDM3A would produce an imbalance in chromatin 
state that can be detected through position effect variegation experiments.  
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CHAPTER 3:  MATERIALS AND METHODS 
 
3.1 BIOINFORMATIC TOOLS 
 
The bioinformatic tools used are listed below with brief descriptions of where they were 
used in the context of the project. (1) BLASTP: was used to identify a gene / protein name when 
the amino acid sequence is known, (2) ALIGN: is the algorithm that aligns nucleotide or amino 
acid sequences. This has been used to determine the percentage identity and similarity between 
various Drosophila and human homologs, (3) Conserved Domain: It is a link available with each 
protein, and it gives a graphical representation of all the conserved domains found in a particular 
protein or amino acid sequence, (4) Identifying amino acid sequence within a particular domain: 
Clicking on the conserved domain expands the window and displays the amino acid sequence of 
the conserved domain, (5) DNA STRIDER on Mac: was used for alignment of DNA sequence. It 
was also used to produce the amino acid sequence from the cDNA sequence of Dmel\JHDM3A 
after TOPO cloning, (6) Flybase.org and other websites – (a) Identification of various clones, that 
were later purchased through http://openbiosystems.com. (b) Identification of the P-element 
suppressor lines that were purchased from Bloomington stock center at 
http://flystocks.bio.indiana.edu, (7) Information regarding the genotype and vital phenotypes of 
the P-element flies, and other general information regarding the markers present in the P-element, 
the insertion site within the genome, the sequence of the flanking regions where the P-element is 
inserted and other general information was available at Flybase.org under the gene name 
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3.2 IDENTIFICATION OF DROSOPHILA HOMOLOGS OF HUMAN LSD1 AND 
JmjC HDMs 
 
Bioinformatic tools available at NCBI and Flybase.org website were used to identify the 
Drosophila homologs of the following human HDMs - LSD1, JHDM1B, JMJD1B/JHDM2B and 
JMJD2A/JHDM3A. In each case, either the Drosophila protein accession number was available, 
or the amino acid sequences from the conserved domains were available to perform the searches 
for both the gene and protein accession numbers.  
For LSD1, the protein accession number AAM11190 [3] was available and the gene 
accession number was obtained from NCBI - CG17149.  
To identify Dmel\JHDM1B, the amino acid sequence as indicated in Table. 5 obtained 
from the supplementary data of [4] was used with the BLASTP program to identify the gene 
accession number of the human homolog of JHDM1 family of HDMs. The gene accession 
number was found to be CG11033. This number was used to identify the protein accession 
number - NP_649864. It was later identified as the Drosophila homolog of JHDM1B using 
bioinformatic tools. 
To identify Dmel\JHDM2B, the amino acid sequence for Drosophila homolog of 
JMJD1/JHDM2 family of HDMs was obtained from [50] . Using BLASTP, the gene accession 
number was identified, which is CG8165. This is the Dmel\JHDM2B gene. The gene accession 
number was used to identify the protein accession number, which is - NP_788611.  
The Drosophila homologs of JMJD2/JHDM3 family of HDMs were obtained using the 
amino acid sequences mentioned in [76] . The gene accession number CG15835 and protein 
accession number NP_610331 were obtained for one of the two HDMs in this family, later 
identified as Dmel\JHDM3A. The second Drosophila JMJD2/JHDM3 family HDM was 
identified to be Dmel\JHDM3C and has the gene accession number CG33182 and protein 
accession number NP_788344. 
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Table. 5. The amino acid sequences used to search for Drosophila homologs of JmjC genes 











































3.3 SEQUENCING OF JmjC HDM CLONES 
 
The three JmjC HDM clones are SD04170 - Dmel\JHDM1B in pOT2 vector, LD20919 - 
Dmel\JHDM2B in pBluescript SK vector and LD33386 – Dmel\JHDM3A in pOT2 vector. These 
clones were commercially purchased from OpenBiosystems. The pOT2 vector carries antibiotic 
resistance for Chloramphenicol and pBluescript SK carries antibiotic resistance for Ampicillin. 
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The clones were grown, mini prepped and sent for sequencing as mentioned in detail in the 
following sections. 
 
3.3.1 Making LB Agar plates 
 
For making a 1000ml solution, 25g of was first mixed in water. 15g of Agar was then 
added to the water and the final volume is brought up to 1000ml. After the LB and the Agar 
dissolve at room temperature, the solution was autoclaved for 25 mins at 121°C. After 
autoclaving, the solution was allowed to cool down at room temperature for 30 mins before 
adding the appropriate antibiotic. Antibiotic was freshly thawed before being added to the 
solution. The final concentration of Chloramphenicol was 170µg/ml and Ampicillin at 60µg/ml. 
The solution is then poured out into plates and after cooling, they were stored at 4°C in plastic 
wrap. 
 
3.3.2 Making LB medium for growing colonies 
 
For making a 1000ml solution, 25g of LB was dissolved in a final volume of 1000ml of 
water. After LB dissolves, the solution was autoclaved for 25 mins at 121°C. It was then allowed 
to cool down before adding the appropriate antibiotic that has been freshly thawed. The 
concentration of antibiotics was the same as that for making LB, Agar plates. The LB medium 
was then stored at 4°C. 
3.3.3 Growing the cDNA clones 
 
The clones were stored at -80°C. Before streaking them on plates with appropriate 
antibiotic, they were thawed on ice. A metal loop was sterilized by heating it under a flame till it 
turns red hot. It was allowed to cool for a few seconds before dipping it into the vial containing 
the clone. The loop was coated with the contents of the vial and was streaked on fresh pre-
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warmed (37°C) LB, Agar plates. The plates were covered, turned upside down and incubated at 
37°C for 12-16 hours. After the incubation period, a number of colonies would have formed on 
the plate. The plate was then stored at 4°C after sealing the lid with parafilm. This stops further 
growth of the bacteria. 
During cloning, freshly transformed bacteria were spread on LB agar plates. Around 150-
300µl of bacterial culture was pipetted onto the center of the plate and a sterile metal handle was 
used to spread the culture. The culture was spread until all the liquid was absorbed into the plate. 
It was then incubated overnight before collecting the colonies and stored at 4°C. 
In order to culture the freshly grown colonies for mini prep, individual colonies that do 
not have satellite colonies were picked up with the tips of clean pipette tips. They were then 
dropped into culture tubes that have 2ml of LB medium with the appropriate antibiotic added. 
The culture tubes were allowed to shake at 250rpm at 37°C overnight or for 12-14 hours. 
 
3.3.4 Mini prep 
 
Plasmid DNA was extracted using Qiagen mini prep kit according to protocol specified 
by the company. The protocol is elaborated in the CHAPTER 5: B.1.1manual provided. 
3.3.5 Sequencing of DNA 
 
The plasmids obtained from mini prep, gel extracted DNA or PCR purified DNA were 
diluted and/or mixed with appropriate primers and sent for sequencing at the Pennsylvania DNA 
sequencing facility. The concentration of the DNA and primers is specified in the form supplied 
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3.4 SUB-CLONING OF DROSOPHILA Dmel\JHDM2B INTO pUAST VECTOR 
 
The plasmid was extracted from Dmel\JHDM2B clone - LD20919 according to 
CHAPTER 5: B.1.1. The plasmid was diluted and used as a template to run PCR according to the 
protocol outlined below. The primers used were: forward primer – 
5`CCGCTCGAGGCCATCATGTCGCAAAAAGAATTGGCGGCTC3`, with restriction site 
XhoI indicated in BOLD, followed by the KOZAK sequence in ITALICS and 25 nucleotides 
from the start codon ATG of the Dmel\JHDM2B mRNA. The reverse primer - 
5`GGCCGGTCTAGATCATCACTAATCTGCATTTAGCTTGGTTAATTC3` with XbaI 
restriction site indicated in BOLD, followed by two STOP codons in ITALICS and 27 
nucleotides from the 3` end of the mRNA starting with the intrinsic STOP codon indicated as 
CTA. The PCR product was double digested with appropriate restriction enzymes that 
complement the restriction site and orientation in the pUAST vector. The pUAST vector was also 
digested with the same restriction enzymes. The digested products were run on a gel to estimate 
the ratio of DNA insert:pUAST vector. It was generally between 5:1 and 10:1 depending on the 
brightness of the digested PCR product. Ligation of the PCR product and pUAST vector was 
carried out according to the protocol outlined below. The ligation product was transformed into 
DH5α cells. The cells were plated and grown according to 3.3.3. Successful insertion was 
checked by digesting the plasmids obtained through Mini prep with the same restriction enzymes 
that were used before ligation, ie, XhoI and XbaI. 
 
3.4.1 PCR conditions 
 
Plasmid obtained from mini prep was used as the DNA template for PCR. Pfu DNA 
polymerase was used due to its proofreading property. The 10X buffer was provided along with 
the Pfu DNA polymerase. The PCR reaction volume was 50µl and consisted of 40µl of ddH2O, 
1µl of 10X buffer (provided with Pfu DNA polymerase), 1µl of dNTP (10mM), 1µl each of 
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forward and reverse primers (20µM each), 1µl of plasmid DNA diluted 50 times and 1µl of Pfu 
DNA polymerase. The PCR cycling conditions are listed in Table. 6.  
 
 
Table. 6. PCR cycle conditions - Dmel\JHDM2B pUAST sub-cloning  
Temperature at °C Duration Number of Cycles 
94 3 min 1 
94 2 min 
55 1 min 
72 3 min 
30 
72 7 min 1 
4 HOLD - 
 
 
3.4.2 Midi prep to make pUAST 
 
In order to make large quantities of fresh pUAST vector, the vector was transformed into 
DH5α cells and grown for Midi prep according to the protocol as provided by Qiagen in the 
CHAPTER 5: B.1.1 manual provided. 
 
3.4.3 Double digestion with XhoI and XbaI 
 
The PCR primers were designed with XhoI and XbaI restriction sites. These restriction 
sites are present in the pUAST vector Fig. 12. Digestion with the restriction enzymes generates 
overhangs that allow ligation of the DNA insert with the vector. Double digestion can be a single 
step process or a double step process depending on whether the respective restriction enzymes 
share the same digestion buffer or not. The restriction enzymes were purchased from New 
England BioLabs Inc. The digestion buffers can be checked at this website - 
http://www.neb.com/nebecomm/DoubleDigestCalculator.asp. XhoI and XbaI both used NEBuffer 
2, therefore the vector and the PCR product could be digested in a single step reaction. The 
reagents and the volumes are indicated in Table. 7. 
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Table. 7. List of reagents for double digestion – pUAST sub-cloning 
Volume of reagent (total reaction volume 30 µl) Reagent 
PCR product pUAST vector 
ddH2O 2 µl 12 µl 
NEBuffer 2 (10X) 3 µl 3 µl 
BSA (10X) 3 µl 3 µl 
DNA  
(PCR product/pUAST vector)  
20 µl 10 µl 
XhoI enzyme 1 µl 1 µl 




The reagents in Table. 7 were added in the same order as they appear (separately for 
PCR product and pUAST vector). They were incubated in a water bath set at 37°C for a period of 
1-2 hours. The digested products were then ready for ligation. 
 
3.4.4 pUAST Ligation  
 
Ligation is a two step process, first the sticky ends generated by the restriction digestion 
of the DNA insert and the vector hybridize or anneal and second, new phosphodiester bonds close 
the nicks that are left behind after annealing which is actually called ligation. The enzyme DNA 
ligase is responsible for the ligation process. The reaction mixture consists of the DNA insert, the 
vector, ligation buffer and the DNA ligase enzyme. The reagents and their volumes are mentioned 
in Table. 8 
 
 
Table. 8. List of reagents  - pUAST ligation  
Reagents Volume (total 20 µl) 
ddH20 4µl 
5X ligase buffer 4µl 
Vector (after double 
digestion) 
1µl 
DNA insert (after double 
digestion) 
10µl (ratio b/w vector and insert is estimated based on brightness of 
digested bands and length of vector) 
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The reagents were added in the order mentioned in Table. 8 and gently mixed by 
pipetting. The reaction mixture was incubated at 16°C for 16 hours. The ligated product can be 





Transformation is the process by which bacteria take up foreign DNA and incorporate 
DNA molecules into their plasmids or entire plasmids into themselves.  
Culture tubes were first chilled on ice. Competent DH5α cells were thawed on ice and 
100µl of the thawed cells were added to the pre-chilled culture tubes. EDTA was added to stop 
the ligation reaction. 1µl of the ligation product was added to the culture tube with the competent 
cells. The cells were mixed with the ligation mix by swirling, and not pipetting. This was 
incubated on ice for 30 mins. The cells are heat shocked by holding the chilled tube in a 42°C 
water bath for 45 secs. The cells were placed on ice immediately for 2 mins. 900µl of S.O.C 
medium at room temperature was added and the culture tubes were incubated at 37°C on a shaker 





RT-PCR stands for reverse transcription polymerase chain reaction. In this technique, 
mRNA functions as the template for synthesis of cDNA which is then amplified through PCR. 
Therefore this technique is used to determine whether a given gene is being transcribed within a 
cell or an organism during a specific stage of development.  
Total RNA was isolated from staged wild-type and mutant flies (12- to 24-hr embryo, 
first instar larvae, second instar larvae, third instar larvae, pupae, and adult flies) (Fig. 6) using 
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TRIzol (Invitrogen). The RNA was treated with DNA-free (Ambion) to remove DNA. The DNA 
free RNA was used as a template for the synthesis of first strand cDNA using SuperScript II 
reverse transcriptase kit (Invitrogen) and Random Hexamer primers (Roche). A cDNA library 
was generated because Random Hexamer primers were used during the reverse transcription step. 
Therefore the resulting cDNA library can be used to detect the expression of all the HDMs of 
interest. PCR primers were designed for each of the HDMs that spanned a ~400bp region. The 
primers were designed such that each primer set would span an intron. This is to ensure that the 
PCR bands obtained would be of the correct size only when there is no genomic DNA 
contamination in the cDNA library. Each of the steps in the RT-PCR reaction is explained in 
detail in the following sections. 
 
3.5.1 RNA extraction using TRIzol (Invitrogen) 
 
Staged flies (12- to 24-hr embryo, first instar larvae, second instar larvae, third instar 
larvae, pupae, and adult flies) were homogenized with TRIzol. The homogenized mixture was 
phase separated after adding Chloroform and spinning at 12,000 x g at 4°C for 15min. Three 
phases are formed, and the top colorless aqueous phase contains the RNA. This phase was 
transferred to a fresh tube. Next Isopropanol was added to precipitate the RNA. The RNA appears 
as a glassy pellet after spinning at 12,000 x g at 4°C. The protocol provided with the TRIzol 
reagent was followed exactly. A copy of the protocol is attached CHAPTER 5: B.2.1 
 
3.5.2 DNA-free (Ambion), DNase treatment 
 
In order to remove DNA from the RNA extract, the RNA was DNase treated according to 
manufacturer’s instructions CHAPTER 5: B.3.1.  
The concentration of RNA was determined using spectrophotomerty. 0.2µg/µl of RNA 
was treated with 1µl of DNase enzyme in a two step rigorous treatment where the DNase is added 
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in 0.5µl during each step. This is as described in the manufacturer’s protocol. The total reaction 
volume was 30µl. The concentration of the treated RNA was determined by spectrophotometer 
and was used for cDNA synthesis. 
 
3.5.3 First strand cDNA synthesis using SuperScript II reverse transcriptase 
(Invitrogen) 
 
In a total reaction volume of 20µl, 1µg of RNA was mixed with either random hexamers 
(0.2µg/µl) or with gene specific primers (2 pmole) and incubated for 10 mins at 70°C. The tubes 
were then chilled on ice and the following reagents were added in the order mentioned – 5X 
buffer (4µl), 0.1M DTT (2µl), RNase OUT (1µl) (this is not provided in the kit; it is an RNase 
inhibitor), dNTP (2.5mM - 1 µl). The mixture was incubated at 37 °C for 10 mins, then heat 
shocked at 42°C for 2 mins. The mixture was divided equally (10 µl  each) into +RT and –RT. 
For +RT reaction, 1 µl of reverse transcriptase enzyme (SuperScriptII, Invitrogen) was added and 
for –RT reaction, 1 µl of ddH2O was added. After mixing them briefly, they were incubated in a 
42°C water bath for 50 mins. The reaction was stopped by incubating at 70°C for 10 mins.  
The first strand cDNA was generated for all the genes that were being expressed at the 
given developmental stage when random hexamers were used resulting in a cDNA library. The 
cDNA library therefore can be used with any HDM specific primers during the PCR reaction, and 
their levels of expression can be accessed.  
 
3.5.4 Primer design and PCR conditions 
 
Each of the primers was designed to span across at least one intron and to produce 
~400bp PCR amplicons of the respective genes. The forward and reverse primers and the length 
of the PCR product expected are tabulated below. 
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Table. 9. Primers used for RT-PCR 

















Reverse primer – 
5`GGCAACGAGCTCTAGTGATG3` 
417 1754-2171 
Forward primer – 
5`GTTTCCAGCCAGAGCGATAC3` 
Dmel\JHDM3A 
Reverse primer – 
5`GACAGGGCAGTTCATTCCATAG3` 
401 1439-1038 
Forward primer – 
5`CACGGATGTCCAGGTTTTCAG3` 
Dmel\LSD1 






Reverse primer – 
5`CAATGAGCAGCTTGCCGTAG3` 
427 1407–1833 
Forward primer – 
5`GCCCAGCATACAGGCCCAAG3` 
---- RP49 







 The PCR reaction volume was 40µl and consisted of 25µl of ddH2O, 4µl of 10X buffer 
(from Taq kit), 4µl of dNTP (10mM), 1µl each of forward and reverse primers (10µM each), 1µl 
of cDNA library and 1µl of Taq DNA polymerase (0.25u/ µl).  
The PCR cycling conditions for all RT-PCR reactions is listed Table. 10 below. 
 
Table. 10.PCR cycling conditions for RT-PCR 
Temperature at °C Duration Number of Cycles 
94 3 min 1 
94 2 min 
55 1 min 
72 1 min 
32-34 
72 7 min 1 
4 HOLD - 
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3.6 CLONING OF DROSOPHILA Dmel\JHDM3A 
 
The clone that was purchased for Dmel\JHDM3A did not have the correct cDNA. 
Therefore it was decided to carry out the cloning through an RT-PCR based strategy into the 
TOPO TA cloning vector (Invitrogen). The cloning has been performed two times as there were 
four mismatches in the coding sequence found in the first attempt. The second cloning was 
performed to determine whether the nucleotide mismatches were generated by a PCR artifact or 
whether they were indeed the actual coding sequence. 
During the first attempt, RNA for RT-PCR was isolated from the pupa stage of wild-type 
(Canton S) flies, as it shows a high level of expression during this stage Fig. 20. RT-PCR was 
carried according to 3.5. The primers used and the PCR conditions are specific to each cloning 
strategy, and these are outlined below. During the second attempt, RNA was isolated from adult 
male wild-type flies.  
After obtaining the cDNA library through RT-PCR, TOPO TA cloning was carried out 
according to manufacturer’s instructions CHAPTER 5: B.2.3. The clones were sent for 
sequencing using three sets of primers, and it was confirmed that the mismatches in the coding 
sequence was not due to PCR artifact.  
 
3.6.1 Primer design and PCR conditions 
 
The ORF primers were designed such that the cDNA could be cloned into the pUAST 
vector to generate overexpression fly lines. The forward and reverse primers had restriction sites 
NotI and XbaI apart from other sequences explained below: 
Forward primer is -  
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5`GATATAAAGCGGCCGCGCCATCATGTCCACGAGATCTTCATTCGCC3` the 
first 8 nucleotide overhang indicated in UNDERLINED LETTERS is added to makes the ratio of 
AT:GC 50:50. This is followed by the restriction site NotI indicated in BOLD, followed by the 
KOZAK sequence in ITALICS and 24 nucleotides from the start codon ATG of the 
Dmel\JHDM3A mRNA.  
The reverse primer is -
5`GCTCTAGATCATCATCAATCCTCGTCGTCAAGTGTGAG3` where the UNDERLINED 
NUCLEOTIDES  are the XbaI restriction site, followed by two stop codons. The third stop codon 
TCA onwards are the nucleotides within the gene at the 3` end. 
Primers used for RT-PCR to determine the transcription levels of the gene were also used 
in order to check successful insertion of cDNA into TOPO vector. The primers are mentioned in 
Table. 9 
The first strand cDNA was generated and depending on whether random hexamers or 
gene specific primers were used, a cDNA library or cDNA of only Dmel\JHDM3A was 
produced. The gene specific primers were the ORF primers of Dmel\JHDM3A. The cDNA 
produced by ORF primers were never successfully amplified in the PCR step. The cDNA library 
was therefore used for Dmel\JHDM3A cloning. 
Two types of proofreading DNA polymerases were used to amplify the Dmel\JHDM3A 
gene from the cDNA library, namely Expand Long Template PCR system (Roche) CHAPTER 5: 
B.4.1and Pfu DNA polymerase (Stratagene). The PCR reagents and the cycling conditions are 
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Table. 11.PCR list of reagents for Expand Long Template PCR system (Roche) 
Reagent Volume in µl (total volume = 50µl) 
ddH2O 33.25 
dATP (10mM) 1.75 
dGTP (10mM) 1.75 
dCTP (10mM) 1.75 
dTTP (10mM) 1.75 
Forward and reverse primer  (10µM) 1.5 each 
10X buffer (provided in kit) 5 
DNA template 1 




Table. 12.PCR cycling conditions for Expand Long Template PCR system (Roche) 
 Temperature Time Cycle No. 



















2 min + 20sec cycle 
elongation for each 
successive cucle 
20X 
Final Elongation 68°C 7 min 1X 




Table. 13.PCR list of reagents for Pfu DNA polymerase kit (Stratagene) 
Reagent Volume in µl (total volume = 25µl) 
ddH2O 14.5 
10X buffer (provided in kit) 2.5 
dATP (10mM) 0.5 
dGTP (10mM) 0.5 
dCTP (10mM) 0.5 
dTTP (10mM) 0.5 
Forward and reverse primer  (10µM) 1.25 each 
DNA template 2.5 
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Table. 14.PCR cycling conditions for for Pfu DNA polymerase kit (Stratagene) 
Temperature at °C Duration Number of Cycles 
94 45 sec 1 
94 45 sec 
55 45 sec 
72 3 min 
32 
72 10 min 1 
4 HOLD - 
 
 
3.6.2 Poly A tail – before TOPO ligation 
 
Direct cloning of DNA amplified by proofreading polymerases into TOPO TA vectors is 
often difficult because proofreading polymerases remove the 3´ A-overhangs necessary for TA 
Cloning. Invitrogen has developed a simple method to clone these blunt-ended fragments.  
Incubating with 1 unit of Taq with the PCR product obtained from proofreading DNA polymerase 
at 72°C for 10 mins adds 3´ A-overhangs to the PCR products. 
The following reagents with a total reaction volume of 10µl were mixed and incubated 
for 10 mins at 72°C. 6.8µl of PCR product (from proofreading DNA polymerase), 1µl 10X buffer 
(Taq kit), 1µl MgCl2 (25mM) (Taq kit), 0.2µl dATP (10mM) and 1µl Taq (5units/ µl). The 
resulting DNA was ready for TOPO TA ligation. 
 
3.6.3 TOPO ligation and transformation 
 
TOPO TA ligation and transformation was carried out according to manufacturer’s 
instructions CHAPTER 5: B.2.3. 4 µl of PCR product with 3´ A-overhangs is mixed with 1 µl of 
TOPO TA cloning vector, 1 µl of salt solution (provided in the kit) and the final 6 µl solution was 
incubated at room temperature for 30 mins. Ligation is complete. 
For transformation, 2 µl of the ligation product was added to a chilled culture tube. 50µl 
of TOP 10F` cells (provided in the kit) was added to the tube. The mixture was tapped or swirled 
three times. It was then incubated on ice for 30 mins, followed by heat shock at 42°C for 30 secs. 
  45 
It was immediately transferred back on ice and 250µl of S.O.C medium at room temperature 
(provided in the kit) was added. The transformed cells were incubated at 37°C with shaking at 
225rmp for one hour. The cells were then spread on fresh LB agar plates with Ampicillin and 
incubated overnight at 37°C. 
White colonies indicate successful ligation, as DNA inserts disrupt the LacZ gene Fig. 
15. Approximately 10 white colonies were selected for culturing and further analysis.  
 
3.6.4 Checking for successful TOPO cloning 
 
The restriction site EcoRI flanks the DNA insertion site. Therefore digestion with this 
restriction enzyme can reveal whether the ligation was successful or not. The cells were mini 
prepped and the plasmids were digested with EcoRI. The total reaction volume was 10µl and the 
following reagents were added - 4µl of ddH2O, 1µl of NEBuffer for EcorI, 1µl 10X BSA, 3µl of 
Plasmid DNA and 1µl of EcoRI.  
The reagents were mixed and incubated in a 37°C water bath for one hour. The enzyme 
was inactivated by incubating at 70°C for 10 mins. The digestion product was run on a 1% 
agarose gel. Bands at 4Kb (TOPO vector) and at 1.5Kb (Dmel\JHDM3A ORF) indicate 
successful ligation. 
PCR using the plasmids as the DNA source and Dmel\JHDM3A specific primers further 
confirms that the ligated DNA was indeed the required cDNA. The total PCR reaction volume 
was 20µl and consisted of 11µl of ddH2O, 2µl of 10X buffer (from Taq kit), 2µl of dNTP 
(10mM), 1µl each of forward and reverse primers (10µM each), 1µl of plasmid DNA and 2µl of 
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Table. 15. PCR cycling conditions for checking successful TOPO cloning 
Temperature at °C Duration Number of Cycles 
94 3 min 1 
94 2 min 
55 1 min 
72 2 min 
30 
72 7 min 1 




The PCR amplicon was run on a 1% agarose gel. Correct sized bands indicate successful 
cloning. The plasmids were then sent for sequencing to check whether there were any mismatches 
in the cDNA. 
 
3.7 CLIMBING ASSAY 
 
Normal Drosophila display a negative geotactic response. They start to climb up the 
walls of vials when they are tapped down. This response is compromised due to neurological 
disorders and has been used in Drosophila models of several neurological diseases including 
Alzheimer's[77], Parkinson's[78] and Huntington's[79]. The climbing assay was therefore used to 
assess the mutant flies. 
40 flies, 20 males and 20 females were placed in plastic vials with dimensions 7.5cm 
diameter and 9cm length. The top of the vial was plugged with sponge plugs. The flies are 
transferred from their food vials either with or without anesthetization. When anesthetized, the 
flies were allowed to recover for 2 hours. The assay was conducted between 12 and 2PM 
everyday, starting from the first day after eclosion. The assay was conducted in triplicates for 
mutant (Dmel\JHDM3AP-Supp) and wild-type (Canton S) flies.  
The vials with the flies were tapped down once and allowed to stand. The time in seconds 
for all 40 flies to start climbing the walls of the vial are recorded, ie, the time taken by the 
straggler was essentially recorded. This was a variation of the assay outlined in [78] where the 
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flies are given 18 sec to climb to the top of the vial. The ones that do not make it were counted as 
negatives and the rest as positives. Early on it was observed that both the mutant and the wild-
type flies took ~ 5secs to climb to the top of the vials. They did not display a difference in their 
climbing abilities and the 18 sec climbing time was more time than they required to be all 
counted as positives. Therefore the assay was modified to suit the existing conditions. 
Each time point was repeated a minimum of 3 times and a maximum of 10 times, with a 
resting period of 1 min between consecutive measurements. The flies were transferred back to 
their food vials after the assay. Flies were reared on Jazz mix (FISHER: instant fly food cat# AS-
153 Jazz Mix) at 25°C under a 12:12 h day/night schedule. The same rearing conditions are 
maintained for all assays that involve both mutant and wild-type flies. 
 
3.8 FECUNDITY ASSAY 
 
In order to determine whether the knockdown of the Dmel\JHDM3A gene in the mutant 
flies affects their ability to reproduce, the fecundity assay was conducted. The assay was based on 
the fecundity assay used in the reference [75].  
Single pairs of flies were mated on the day they eclose and maintained in embryo 
collection bottles that were capped with grape juice agar plates. A small quantity of yeast paste 
was placed on one edge of the grape juice agar plate. This is the food for the adult flies as well as 
for the larvae that hatch. Between 8:30 and 9AM the plates were changed and the number of eggs 
on the previous plate was counted. The plates were then transferred into the fly incubators that 
was set at 25°C under a 12:12 h day/night schedule. After 24 hours (Day 1), the numbers of egg 
cases were counted as an indicator of the number of first instar larvae that had hatched. This 
number was recorded and the plates returned to the incubator. On Day 2, 48 hours after the eggs 
were laid, the second instar larvae were transferred into fresh food vials using a wet fine tipped 
brush. The number of second instar larvae was recorded. This data was used to plot a survivorship 
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graph. On day 4, the number of third instar larvae, the larvae that are found on the walls of the 
vials was recorded. The number of pupae was also recorded. Finally, the number of adult male 
and female flies that emerge was recorded, and this data was used to plot the second survivorship 
graph.  
While carrying out the assay, it was observed that the eggs laid by the mutant flies was 
laid away from the yeast paste while the wild-type flies consistently laid their eggs around or on 
the yeast paste. Therefore this data was also recorded and plotted. 
The experimental set up consisted of 3 pairs of wild-type and mutant flies that had all 
eclosed on the same day. The three pairs were maintained in separate embryo collection bottles. 
The data was collected until the female flies died out. The data was analyzed using 2-way 
ANOVA with SAS programming and Microsoft Excel. 
 
3.9 LONGEVITY ASSAY 
 
This assay was conducted to determine if longevity was affected by the knockdown of 
Dmel\JHDM3A. According to some reference articles, males and females are grown separately 
after eclosion [80] (females only), [81, 82] (males only). We have chosen to use this approach to 
eliminate the affect of mating on longevity.  
113 Canton S males, 112 Canton S females, 226 Dmel\JHDM3AP-Supp males and 193 
Dmel\JHDM3AP-Supp females were maintained in embryo collection chambers capped with grape 
juice plates. The plates were applied fresh yeast paste and changed every day or every other day 
and the number of dead flies that were stuck to the plates was recorded. The data was analyzed 
using 2-way ANOVA with SAS programming and Microsoft Excel. 
 
3.10 EMBRYO STAINING WITH NEURONAL ANTIBODIES 
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There were two protocols followed, one was for non-fluorescent secondary antibodies 
and the other was with fluorescent antibodies. The fluorescent-secondary-antibody protocol did 
not work successfully, due to incomplete dechorinated during the fixation step. Therefore the 
images are only from the non- fluorescent protocol. 
 
3.10.1 The non- fluorescent secondary antibody protocol 
 
The following reagents are required for antibody staining and they were prepared 
according to the protocol outlined. These following reagents were made fresh every day – (1) 1% 
Triton stock - was diluted from Triton X-100 with sterile water. During washes, the stock was 
diluted 10 times before using. (2) 4% Paraformaldehyde (for brain staining, use 8%) 
 Paraformaldehyde in power form was used. 0.5g of Paraformaldehyde was dissolved in ~12ml 
(total weight 12.5g) at 65°C with stirring. A drop of 1M NaOH aids in dissolving the 
paraformaldehyde. This solution was prepared under the fume hood as paraformaldehyde is toxic. 
After the solution turns clear, it was chilled on ice. (3) 1X PBS (protocol is taken from [107] 
Maniatis).   8g of NaCl,  0.2 g of KCl,  1.44 g of Na2HPO4,  0.24g of Kh2PO4 was dissolved in 
800ml of distilled water. The pH was adjusted with HCl to 7.4.  After setting the pH, distilled 
water was added to a final volume of 1000ml.  It was autoclaved for 25 mins. It was stored at 
room temp or at 4°C. (4) 10% Tween 20 – diluted from 100% Tween 20 (5) PT (PBS + 
Tween/Triton) – this was made fresh by mixing 1ml 10X PBS in 9ml distilled water and 100µl of 
10% Tween. 
 
Embryo collection and primary antibody staining 
The embryos were collected on grape juice agar plates. The embryos were between 4 – 
16 hrs. 500µl of water was added to 24 well plates and the embryos were brushed with a brush 
dipped in 0.1% TritonX. This helps dislodge the embryos from the collection plates.  500µl 
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Clorox was added into the well, this makes it 50% Clorox and allowed to stand for 2 mins, 
shaking the embryos in between. The embryos that have been dechorinated float to the top. The 
Clorox is removed using a pulled out glass pipette that has a fine tip, so that embryos are not 
pulled in. Care is taken not to dry out the embryos as they do not have their protective chorin coat 
after this step. The embryos were washed twice in 0.1% Triton to get rid of all the Clorox. At this 
stage, most of the embryos settle to the bottom of the tube.  500µl of chilled Paraformaldehyde 
and 500µl of Heptane was added and the embryos were shaken by hand vigorously for 2 mins. 
The shaking separates the two liquids into two phases with the embryos collecting in the middle 
layer. The paraformaldehyde layer which is at the bottom was removed first. The Heptane layer 
was carefully removed next without disturbing the embryos. 500µl of Heptane was added. Then  
700µl of Methanol was added. The tubes were vortexed for 15 sec. All the liquid was removed 
after the embryos settle. The embryos were washed twice with 500µl of Methanol. This is 
followed by 500µl PT wash twice. The PT was removed and primary antibody that was diluted in 
PT was added. The antibodies were diluted in PT as follows. Repo 1:200, 22C10 1:500, elav 
1:1000. The embryos were incubated in the primary antibody overnight at 4°C with shaking or 
alternatively, they could be incubated at room temperature for 3 hours with shaking. 
Primary antibody washing and secondary antibody staining 
The primary antibody was removed and the embryos were washed in PT every 30 mins 
over a period of 3 hours. Secondary antibody, which was an anti-mouse antibody that could 
recognize the primary antibodies was diluted in PT (1:400) and applied. The secondary antibody 
may be allowed to incubate at room temperature for 3 hours or can be incubated at 4°C overnight 
with shaking. 
Secondary antibody washing and DAB staining 
The secondary antibody was removed and the embryos were washed every 30 mins for 3 
hours with PT at room temperature with shaking. After the wash, PT was removed and Vactastain 
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Elite (1ml PT + 10µl solution A + 10µl solution B, vortex to mix) was added and the embryos 
were incubated in it for 1.5 hrs at room temperature with shaking. Next, the embryos were 
washed in PT for 2.5 hours, every 30 mins, at room temperature with shaking. PT was removed 
and diaminobenzidine (DAB) solution (5µl DAB + 1ml solvent) was added. At the same time, 1µl 
of hydrogen peroxide was added to the 24 well plate. The embryos in DAB were pipetted into the 
24 well plate with hydrogen peroxide. A pink color developed due to oxidation. After the color 
developed, the embryos were removed from the wells into tubes and washed with PT 8 times. 
Following this, the embryos were washed with 100% ethanol 3 times. Ethanol was removed and 
Methyl Salicylate was added. The embryos darken and settle to the bottom. They can be stored in 
Methyl Salicylate for a long time. They were mounted on slides with Methyl Salicylate and 
digital pictures using light microscope at 100X and 400X magnification were taken. 
 
3.10.2 The fluorescent secondary antibody protocol 
 
This protocol follows a different procedure to fix embryos. The rest of the protocol is 
very similar.  
 
Embryo collection and fixing 
Embryos were removed from egg laying caps using a paintbrush dipped in dH2O onto 
collection apparatus that was submerged in 50% Clorox. The embryos were allowed to 
dechorinate for 3 mins and the filter mesh with the embryos was separated from the collection 
apparatus and blotted on a paper towel. With a wet brush, the embryos were transferred to tubes 
containing fix solution (500µl Heptane + 500µl 37% Formaldehyde). The embryos were fixed for 
6 mins by vigorous shaking. Heptane and formaldehyde form two separate phases and the 
embryos settled in the middle. The bottom formaldehyde layer was removed. Upto 1ml 100% 
methanol was added. The embryos were shaken very vigorously for 20 sec, then let to stand for 
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30 sec. The embryos settled to the bottom and the liquid was removed. 1ml 100% methanol was 
added and shaken less vigorously for a few secs. The methanol was removed and 100% ethanol 
was added. The tube with the embryos was inverted for 10 secs. This step was repeated once 
more before the embryos were stored in 100% ethanol at 4°C.  
 
Embryo staining 
Enough ethanol was removed to leave ~500µl behind. 500µl of 1X PBST (50ml = 5ml 
10X PBS + 25µl TritonX-100% + 45ml dH2O) was added to the tube. The tube was shaken for 10 
mins at room temperature. The liquid was removed, and the embryos were washed in 700µl of 
PBST twice, with shaking at room temperature. The PBST was removed and 800µl of Block 
Solution (1g dry milk powder + 1ml goat serum + upto 20ml of 1X PBST) was added. The 
embryos were incubated in Block solution for 5 hours with shaking at room temperature. The 
Block solution was removed and the primary antibody that was diluted in the block solution was 
added. The embryos were incubated in anti-mouse Repo (1:200) primary antibody overnight with 
shaking at 4°C. The following day, the primary antibody and the Block solution were removed 
and the embryos were washed in 1X PBST around 5 times within 2 hours while nutating. The 
wash was removed and diluted anti-mouse secondary antibody (1:50 TRITC in PBST) was added. 
From this point onwards, the tubes were always wrapped in aluminum foil as the secondary 
antibody was fluorescent. The embryos were incubated in the secondary antibody overnight at 
4°C or for 2 hrs are room temperature with shaking. The secondary antibody was removed and 
the embryos were washed in PBST for 2-5 hours at least 5 times. The wash was removed and the 
embryos were stored in VectaShiled covered in aluminum foil at -20°C.  
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3.11 POSITION EFFECT VARIEGATION CROSSES 
 
The PEV flies chosen for this experiment had the stubble gene Sb as a marker (for 
scoring) for PEV variations. The fly line that was purchased from Bloomington Drosophila Stock 
Center had a genotype T(2;3)SbV, In(3LR)P35, In(3R)Mo, Sb1 sr1/SM1; TM2, and stock number 
879. The fly line is represented as T(2;3)SbV /SM1; TM2 for short.  
The percentage of stubble bristles on the T(2;3)SbV /SM1; TM2 flies was determined for 
males and females. The data was collected from 20 flies each. The percentage of stubble bristles 
on the males was 72% and for the females it was 67%. The effect on PEV would be measured in 
terms of whether the percentage of stubble bristles had increased or decreased compared to the 
T(2;3)SbV /SM1; TM2 flies. 
To set up the crosses, 5 wildtype and 5 mutant virgins were mated with 3 T(2;3)SbV 
/SM1; TM2 males. The crosses were set up in triplicates. The flies were allowed to mate and lay 
eggs for 5 days before the parent flies were dumped out. The resulting progeny were separated by 
sex and the 11 pairs of stubble bristles on their thorax were counted Fig. 32. At least 20 flies from 
each cross were scored. That is, 20 * 6 sets of crosses (3 each for mutant and wilt type). The 
results were analyzed by 1-way ANOVA using Microsoft Excel. 
 
3.12 GENOMIC DNA PCR 
 
Single male and female homozygous flies from all 56 P-element excision lines were 
collected. Genomic DNA is extracted by mashing from single flies in freshly prepared squishing 
buffer (SB) and the crude DNA extract is directly used for PCR reactions. The SB is freshly 
prepared with the following ingredients: 
SQUISHING BUFFER (SB)  
10 mM Tris-HCl pH8  
1 mM EDTA  
25 mM NaCl  
200 g/ml Proteinase K 
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Single flies were placed in 0.5ml tubes. The flies were mashed for 10 secs using a pipette 
tip that contains 50µl of SB without expelling any of the liquid (sufficient liquid escapes from the 
tip). After mashing, the SB was expelled. The mixture was incubated at 37°C for 30 mins. 
Proteinase K was inactivated by heating to 95°C for 3 mins. The contents were briefly spun down 
to separate the solid debris and the supernatant was used directly for PCR reaction. Two sets of 
primers were used for the PCR reaction. They spanned the region flanking the P-element 
insertion site within the Dmel\JHDM3A gene as indicated in Fig. 36. The primers sets were 
P1&P2 at the 5` end of the P-element insertion site and P3&P4 at the 3` end. The primers were - 
P1 (5`GAGATTCGTTTCGCTTGCTT 3`), P2 (5`GGCAAGAAAGTAGGTTGATAAAGC 3`), 
P3 (5` GTCTGACCT TTTGCAGGTGC 3`) and P4 (5`GCTGGATGTTGATTTGCTGG 3`). 
The PCR reaction volume was 10µl and consisted of 5µl of ddH2O, 1µl of 10X buffer 
(from Taq kit), 1µl of dNTP (10mM), 0.5µl each of forward and reverse primers (10µM each), 
1µl of Genomic DNA and 1µl of Taq DNA polymerase (0.25u/ µl).  
The PCR cycling conditions are tabulated in Table. 16. 
 
 
Table. 16.PCR cycle conditions for genomic DNA PCR  
Temperature at °C Duration Number of Cycles 
94 3 min 1 
94 2 min 
55 1 min 
72 3 min 
32 
72 7 min 1 
4 HOLD - 
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CHAPTER 4:  RESULTS 
 
4.1 Identification of the Drosophila homologs of two HDM families, LSD1 and JmjC 
domain containing proteins.    
 
Although HDMs have been discovered in humans, it remained unclear whether 
Drosophila contained the human homologs, specifically the JmjC HDMs. Thus we have carried 
out BLAST - Drosophila searches using amino acid sequences to identify the Drosophila genes.  
The Drosophila homolog of the human LSD1 (CG17149) was identified from its protein 
accession number - AAM11190, as mentioned in the article that first characterized the LSD1 
HDM [3]. The protein accession number was used as the keyword to search for proteins from 
NCBI website. This yielded the Drosophila gene accession number CG17149. Three out of seven 
families of the JmjC domain containing HDMs were considered in our study. All the HDMs 




































Table. 17.HDMs under study – their Drosophila homologs and other information 
Family Name Sub families and 
Genes (Human) 
Sub families and Genes 
(Drosophila) 
Drosophila gene 
locus ; mRNA 
length; protein 
length 
1) LSD1 LSD1 (AOF2) Dmel\LSD1 (CG17149) 






2) JHDM1 JHDM1A (FBXL11), 
JHDM1B (FBXL10) 
Deml/JHDM1B (CG11033) 
Protein Accession #: 
NP_649864 
3R:4,878,240 to 





















Deml/JHDM3A (CG15835)  
Protein Accession #: 
NP_610331  
Deml/JMJD2C(CG33182) 
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The Drosophila homolog of JHDM1 family of JmjC domain containing HDMs was 
identified using the amino acid sequence mentioned in the supplementary section of [4] 3.2. The 
JmjC domain of proteins from various species was aligned in order to illustrate that JmjC domain 
was highly conserved through evolution. Using the program BLASTP under Drosophila 
melanogaster the gene accession number was found to be CG11033 and the protein accession 
number was found to be NP_649864. To determine if CG11033 was a homolog of JHDM1A or 
JHDM1B, the gene accession number was used to search for ‘homologous genes’ in other species 
using NCBI tools. The corresponding human homolog was found to be FBXL10 which is also 
known as JHDM1B.  
The Drosophila homolog of JMJD1/JHDM2 family of JmjC domain containing HDMs 
was identified using the amino acid sequence mentioned in the main article 3.2[50]. Similar to 
JHDM1 family, the JmjC domain of the proteins from various species was aligned in order to 
illustrate that this domain was highly conserved through evolution. Using the BLASP program 
and the given amino acid sequence, the gene accession number was found to be CG8165 and the 
protein accession number was found to be NP_788611. To determine if CG8165 was a homolog 
of JMJD1A/JHDM2A, JMJD1B/JHDM2B or JMJD1C/JHDM2C, the gene accession number was 
used to search for ‘homologous genes’ in other species using NCBI tools. The corresponding 
human homolog was found to be JMJD1B/JHDM2B. 
The human JMJD2/JHDM3 family of HDMs was first characterized by Klose, R. J., K. 
Yamane, et al in (Klose, Yamane et al. 2006), but the protein accession number for other 
organisms or a JmjC domain alignment was not available in the article. It was however mentioned 
that the JHDM3 family was also referred as the JMJD2 family. Subsequently, searching for 
articles with JMJD2 family of genes resulted in the article that had the Drosophila homolog of the 
gene [76]. The Drosophila homolog of JMJD2A/JHDM3A denoted as dJMJD2.1 [76] was 
identified as CG15835 by using BLASTP-Drosophila search using the amino acid sequence 
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provided in the article, also mentioned in materials and methods 3.2. It was found to be the 
human JMJD2A/JHDM3A gene using the homologous gene search tool. The protein accession of 
Dmel\JHDM3A is NP_610331. Since JMJD2D/JHDM3D is the only human homolog that does 
not have the PHD and Tudor domains Fig. 4, the domains that are also missing in the Drosophila 
gene CG15835 Fig. 8, we have done a comparison between the proteins and the conserved 
domains of both JMJD2A/JHDM3A and JMJD2D/JHDM3D to establish the correct human 
homolog of CG15835 Table. 18.  The protein and domain comparisons were carried out using 
bioinformatics tools available from NCBI website. From this exercise, it was confirmed that 
CG15835 was the homolog of JMJD2A/JHDM3A. 
 
 
Fig. 8. Conserved domains in the human and Drosphila homologs of JMJD2A/JHDM3A.  
The percent identity and similarity shared by the full length protein between JMJD2A/JHDM3A 
and Dmel\JHDM3A is 63% and 80% respectively, as obtained from bioinformatic tools at NCBI. 
These diagrams are produced using Bioinformatic Tools from NCBI website. 
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The other JMJD2 gene found in Drosophila, denoted as dJMJD2.2 (Gray, Iglesias et al. 
2005) was identified as CG33182 by using BLASTP-Drosophila search using the amino acid 
sequence provided in the article and mentioned in materials and methods 3.2. CG33182 was 
identified as the human homolog of JMJD2C in a similar manner as CG15835 was found to be 
Dmel\JHDM3C. The protein accession number of Dmel\JHDM3C is NP_788344. 
The gene CG15835 represented as Dmel\JHDM3A henceforth is the main focus of our 
study.   
 
4.2 Identification of clones for the JmjC HDMs under study. 
 
After the identification the Drosophila homologs of the human HDM genes, it was 
necessary to obtain the clones of the genes for further study. Purchased clones that have an intact 
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cDNA without any mismatches in the coding sequence can be used to produce overexpression fly 
lines through pUAST cloning.  
The gene accession numbers for the JmjC HDMs were used to search for cDNA clones 
from OpenBiosystems website. Open Biosystems is a company that offers products that span 
Genomics, RNAi, cDNA products and antibodies that can be purchased online. Flybase.org 
mentions this website as a source for Drosophila Gene Collection (DGC) cDNA library. Further 
investigation revealed that the libraries available at all the companies were originally produced at 
BDGP. 
The cDNA clones for the three JmjC HDM genes were purchased from 
OpenBiosystems.com. The clone id numbers and the vectors information of all three HDM genes 
is tabulated below.   
 
 
Table. 19. Clone IDs and vector information about the three HDM genes under study 
Gene Accession No. Gene name Clone ID Vector 
CG11033 Dmel\JHDM1B SD04170 pOT2 
CG8165 Dmel\JHDM2B LD20919 pBluescript SK 
CG15835 Dmel\JHDM3A LD33386 pOT2 
 
The cDNA clone for the other JMJD2/JHDM3 gene - CG33182 or Dmel\JHDM3C was 
not available at OpenBiosystems.  
The clones of the three JmjC HDMs could now be used for further analysis and 
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4.3 Sequencing the JmjC HDM clones. 
 
Purchased clones sometimes have mismatches in the coding sequence. Mismatches, 
especially in the 5` region renders a clone unusable. Therefore it is necessary to sequence the 
clones before they can be used for further experimentation. 
In order to obtain the plasmids, the bacteria harbouring cDNA clones were grown and 
mini prepped as outlined in 3.3. The plasmids were sent for sequencing at the University of 
Pennsylvania DNA sequencing facility. The following primer sets were designed and used for 
sequencing each of the clones – 1) Dmel\JHDM1B clone was sequenced using T7 forward primer 
(there is a T7 promoter region in the pOT2 vector), and primer sets that spanned a 464bp region 
that was used during RT-PCR assay, as mentioned in Table. 9. 2) Dmel\JHDM2B clone was 
sequenced using the M13 forward and reverse primers, the T7 reverse primer (M13 
forward/reverse and T7 forward/reverse primers are available in the pBluescript SK vector) and 
primer sets spanning a 417 bp region that was used during RT-PCR assay, as mentioned in Table. 
9. 3) Dmel\JHDM3A clone was sequenced using only the T7 forward primer that found in the 
pOT2 vector. 
With Dmel\JHDM1B, two fragments of the entire open reading frame (ORF) were 
sequenced using primers T7 and the RT-PCR primers that span 464bp. The ORF is 4106 bp, 
therefore the entire region was not sequenced. However, the two sequence fragments together 
spanned the first 700bp of the ORF and the region between 1640bp and 2050bp. The sequencing 
information is represented in Fig. 9 where the top row in the alignment figure is the sequence 
from NCBI and the bottom row is the sequence from the cDNA clone. There were no mismatches 
found in the Dmel\JHDM1B clone. This confirmed that the purchased clone had the correct gene 
and did not have any mistakes in the region that was sequenced. 
 









Fig. 9. Sequencing of Dmel\JHDM1B clone and alignment with mRNA sequence from NCBI. 
There are no mismatches found in the two fragments that were sequenced that together spanned 
~1100bp out of the total 4106 bp ORF. The start codon is highlighted in green. The sequence in 
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The Dmel/JHDM2B clone was sequenced using three sets of primers, multiple times. The 
primer sets were M13 forward and reverse, T7 reverse that are both past of the pBluescript SK 
vector) and RT-PCR primers that spanned 417 base pairs. The Deml/JHDM2B ORF is 2564 bp. 
A region of ~ 1000 bp was not sequenced between 760bp and 1800bp. The 5` region and the 
region spanned by the 417 bp primers did not have any mismatches Fig. 10. However, there were 
11 mismatches that were consistently observed during every sequencing trial and irrespective of 
the primers used in the 3` region. These mismatches are highlighted in red. The start codon and 
the stop codon are also highlighted in green and blue respectively. The sequencing results are 





































Fig. 10. Sequencing of Dmel\JHDM2B clone and alignment with mRNA sequence from NCBI. 
The sequencing was carried out in three sections and a ~1000 bp region between 760bp and 
1800bp was not sequenced. The alignment shows that there are no mismatches at the 5` end of the 
gene. However, there are a total of 11 (highlighted individually in red) mismatches at the 3` end 
that were consistently observed during all the sequencing trials. The start codon is highlighted in 
green and the stop codon is highlighted in blue - TAG. The sequence in the top row is the 
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Due to the large number of mistakes in the clone in the 3` region, it would not be possible 
to use this clone for further experimentation. Subsequently this clone was removed from the 
OpenBiosystems stock list and is not available in their website at present. 
Sequence of the Deml/JHDM3A clone - LD33386 did not match the mRNA sequence of 
the gene from NCBI. It was subsequently found to be the clone of the gene with accession 
number CG17230 that had a clone ID GH24095. The sequence from the T7 forward primer 
matched the 5` region of CG17230 Fig. 11. This has been confirmed with Open Biosystems and 





Fig. 11. Sequence of Dmel\JHDM3A clone aligns with CG17230, not Dmel\JHDM3A. 
This is the alignment of the sequence from the Dmel\JHDM3A clone with the gene CG17230. 
The Dmel\JHDM3A clone did not have the correct cDNA. 
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In summary, the clone for Dmel\JHDM1B did not have any mismatches in the regions 
that were sequenced; however the entire cDNA was not sequenced. There were 11 mismatches in 
the 3` region in the Dmel\JHDM2B clone, and the Dmel\JHDM3A clone contained the cDNA for 
some other gene. As there were no mismatches in the 5` region of Dmel\JHDM2B, this clone 
could be utilized for pUAST cloning. In order to proceed with the Dmel\JHDM3A gene, the 
cloning would have to be carried out through RT-PCR assay.  
 
4.4 Sub-cloning of Drosophila Dmel\JHDM2B into pUAST vector. 
 
The human homolog of Dmel\JHDM2B is a H3K9me2/1 specific demethylase Table. 2. 
At the time when we were working with the Dmel\JHDM2B clone, the human JHDM3A gene 
was not yet identified. Considering the important function of H3K9 methylation in the epigenetic 
gene silencing [19], and hence regulation of gene expression, we were interested in studying the 
Dmel\JHDM2B gene.  
The cDNA clone of Dmel\JHDM2B had 11 mismatches at its 3` end; however there were 
no mistakes in the 5` end Fig. 10. Therefore it was decided to sub-clone the gene into the pUAST 
vector and be used later to create a fly line that overexpressed the Dmel\JHDM2B gene [74] Fig. 
12 as described in 3.4 The pUAST vector contains an Upstream Activation Sequence (UAS) that 
is a binding site for GAL4 induced activation. This construct can be used to create stable 
overexpression fly lines through embryonic microinjection.  
 
 
  67 
 
Fig. 12. The pUAST vector. 
The UAS region is indicated in red. The multiple cloning site consists of restriction sites NotI, 




Forward and reverse primers that contained the necessary restriction sites required for 
sub-cloning into the pUAST vector and as described in 3.4were used to amplify the coding region 
of the Dmel\JHDM2B cDNA. The PCR product was run on a gel and two bands were observed. 
One was of the correct size at ~ 2.5 Kb Fig. 13 along with a non-specific band at ~600bp. 














Fig. 13. PCR of Dmel\JHDM2B cDNA clone with ORF primers.  
Apart from the ~2.5 Kb band corresponding to the Dmel\JHDM2B ORF, there is a non-specific 
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 In order to get rid of the non-specific band, gel purification of the correct sized band was 
carried out according to the protocol mentioned in CHAPTER 5: B.1.3. The DNA fragment from 
the gel purified band was then cloned into the pUAST vector as described in 3.4.4and 3.4.5. 
However, due to incompatibility of the restriction sites, the cloning was attempted twice without 
success. During the second attempt, pUAST vector was freshly made from a MIDI prep 
CHAPTER 5: B.1.2. The new pUAST vector was checked by running gels before and after a 
double digestion with restriction enzymes Fig. 14. After digestion with HindII and XbaI, the 
correct sized bands confirmed the quality of the pUAST vector. 










Fig. 14. pUAST vector before and after various restriction enzyme digests. 
The enzyme sets XhoI, XbaI and NotI, XbaI can be used in concert for pUAST cloning. 
Therefore they were used in double digestion reaction with the pUAST vector. The single bands 
at ~ 9Kb indicate the vector is successfully digested by both sets of restriction enzymes. This can 
be compared to the undigested pUAST vector band. The smaller of the two bands indicates that 
the vector is circular, and the other band is due to nicked DNA. Digestion with HindII and XbaI 
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We did not pursue characterizing the Dmel\JHDM2B any further after the failed attempts 
at pUAST sub-cloing. However, future primer designs for pUAST cloning would not have the 
restriction sites XhoI and XbaI together. It was decided to use NotI instead of XhoI for the 
forward primers henceforth.  
During this time, the JHDM3A gene was identified in humans. This was the first HDM 
that was a trimethyl specific demethylase, a methylation state that was considered to be 
irreversible until then [35]. In addition, the human JHDM3A shared substrate specificity with the 
Dmel\JHDM2B enzyme. Both the HDMs antagonized H3K9 methylation. Therefore we decided 
to shift our focus on the new trimethyl specific HDM and study this gene in Drosophila.  
 
4.5 Cloning of Drosophila Dmel\JHDM3A that is homologous to human HDM 
JMJD2A/JHDM3A.  
 
The JMJD2/JHDM3 family of HDMs were the first HDMs discovered that could remove 
trimethyl marks from histone lysine residues [35, 51, 59].  Up until this time, the trimethyl mark 
was considered to be a permanent modification, not only because HDMs specific to the trimethyl 
mark were not discovered yet, but also because the trimethyl state had been found to provide a 
molecular memory of recent transcriptional activity[83] and it was speculated that the trimethyl 
mark must have a considerably lower turn over rate compared to the dimethyl state[5]. Therefore 
the discovery of HDMs that could remove the trimethyl state was a major breakthrough.  
Among the four HDMs in the JMJD2 family – Table. 4, JMJD2A/JHDM3A was the only 
one that had been characterized in mouse cell culture (NIH3T3 cells)[35] as well as in a model 
organism, the C. elegans [35, 51]. The results indicated that JMJD2A/ JHDM3A was specific to 
the substrates H3K9 me3/2 and H3K36 me3/2 Table. 4. In addition, characterization of the role 
of JMJD2A/JHDM3A in C. elegans revealed its important role during gametogenesis in the 
organism. These results underscore the importance of the JMJD2A/JHDM3A genes during 
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development. We were therefore interested in studying the Drosphila homolog of this gene 
during development.  
Because no EST cDNA clones were available for Dmel\JHDM3A, we opted to clone the 






Fig. 15. The TOPO Vector. 
This diagram has been reproduced from the pCR-TOPO instruction manual. It shows the PCR 
product insertion site flanked by restriction sites EcoRI. M13 forward and reverse primers are 
available for sequencing purposes. Successful insertion disrupts the LacZ gene, which results in 
white colored colonies as opposed to blue colonies when LacZ is intact. 
 
 
RNA was isolated from Drosophila melanogaster pupae, the stage at which 
Dmel\JHDM3A was most highly expressed Fig. 20. The RNA was DNase treated and used for 
reverse transcription to produce a cDNA library. The cDNA was amplified using Dmel\JHDM3A 
ORF specific primers (3.6.1). The DNA polymerase from Expand Long Template PCR system 
(Roche) was used that has an enzyme mix consisting of Tgo DNA polymerase with proofreading 
activity and Taq DNA polymerase. The PCR reaction and cycling conditions are outlined in 
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Table. 11, Table. 12.The primers were designed such that they could be cloned into pUAST 
vector with restriction sites for NotI and XbaI and they were designed to span the ORF of 
Dmel\JHDM3A.  The expected 1487 bp PCR product was ligated into the TOPO TA vector 
(Invitrogen) and transformed into DH5α or TOP 10F` cells according to manufacturer’s 
instructions as provided in the cloning kit CHAPTER 5: B.2.3. The TOPO vector is designed 
such that successful ligation disrupts the lacZ gene Fig. 15 and results in white colonies. Multiple 
white colonies were collected for storage. Two of these colonies were grown and mini prepped. 
The plasmids were digested with EcorI to check whether the insert had the correct length of ~ 
1.5Kb. The TOPO vector is ~4Kb Fig. 15  and there are two EcorI restriction sites flanking the 
PCR product insert site. Therefore clones with the correct insert must produce bands at 4Kb and 




Fig. 16. EcoRI digestion of TOPO vector with Dmel\JHDM3A cDNA clone insert.  
Two positive colonies were selected for testing whether the cloning was successful or not. The 
isolated plasmids were digested with EcorI. Correct bands were obtained with TOPO vector at 




The digestion confirmed that TOPO ligation was successful with the correct sized insert 
into the vector. However, due to insertion of a correct sized fragment that was not the cDNA of 
Dmel\JHDM3A in a previous cloning attempt, it was decided to carry out a PCR assay using the 
TOPO plasmid to confirm that the cDNA was indeed of the Dmel\JHDM3A gene. Two sets of 
primers specific to the Dmel\JHDM3A gene were used in the PCR reaction - one that spanned the 
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ORF Primer design and PCR conditions and another set of primers that spanned a 400bp region 




Fig. 17. PCR of the TOPO Clone of Dmel\JHDM3A with two sets of primers. 
The TOPO clone with Dmel\JHDM3A cDNA was used to run a PCR with ORF primers and a 
400bp primer set. Bands at 1.5 Kb – Dmel\JHDM3A cDNA and 400bp confirm that the insert is 
indeed the cDNA of Dmel\JHDM3A. 
 
 
The PCR confirmed that the inserted gene was indeed the cDNA of Dmel\JHDM3A. In 
order to determine if there were any mutations introduced during the RT-PCR assay, the plasmids 
from two white colonies were sent for sequencing. The full sequence for the TOPO clone was 
determined using the three sets of primers that together spanned the entire ORF – 1) ORF forward 
and reverse primers 3.6.1. 2) primers that were used for semiquantitative RT-PCR to determine 
the transcription levels of the gene Table. 9. and 3) primers within the TOPO vector itself (Fig. 
15) – M13 Forward and M13 Reverse.  
The sequence was aligned with the Dmel\JHDM3A mRNA sequence from NCBI and the 
results are shown in Fig. 18.  







Fig. 18. Alignment of Dmel\JHDM3A clone shows four mismatches. 
The TOPO clone had four mismatches when the sequence was aligned with the mRNA of 
Dmel\JHDM3A from NCBI sequence. The mismatches are highlighted in blue; they do not alter 
the predicted protein. The start codon ATG in indicated in green and the stop codon TGA is 
highlighted in red. The top row is the sequence from NCBI and the bottom row is the sequence 
from the Dmel\JHDM3A clone. 
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There were four nucleotide mismatches (highlighted in blue) Fig. 18 found in the cDNA 
clone. These identical mismatches were conserved in both the clones that were sequenced. To 
confirm that these nucleotide mismatches were not generated by a PCR artifact, a second RT-
PCR reaction was carried out from mRNA collected from adult male flies. During this RT-PCR 
assay, Pfu DNA polymerase (Stratagene) was used instead of the Expand Long Template PCR 
kit. Pfu DNA polymerase has proofreading property. The PCR conditions are mentioned in 3.6.1. 
The expected 1.48 kb PCR fragment was cloned into the TOPO vector.  Two colonies were 
chosen for sequencing and each of these clones displayed the same nucleotide mismatches that 
were detected in the previous cloning from the pupa stage using Expand Long Template PCR 
system (Roche). This confirmed that the four mismatches observed in the coding sequence were 
not generated by a PCR artifact. Importantly, these mismatches did not alter the amino acid 
sequence of the Dmel\JHDM3A conceptual translation product. The amino acid alignment with 
the protein sequence from NCBI is shown in Fig. 19. 














Fig. 19. The four mismatches do not alter the amino acid sequence. 
The mismatches in codons are highlighted in red and blue in the sequence from NCBI and from 
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The mismatches were - CAT to CAC, CAG to CAA, AAG to AAA and GCC to GCT. 
The mismatches are highlighted in blue (NCBI sequence) and red (Dmel\JHDM3A clone). As 
there was no alteration in the amino acid sequence, the cloned gene is available to be used for 
further studies. It has the necessary restriction sites for pUAST cloning and other nucleotide 
sequences necessary to generate an overexpression fly line. 
 
4.6 Family members of two different classes of HDMs are expressed during Drosophila 
development.   
 
Drosophila homologs of human LSD1, and JmjC containing HDMs JHDM1B, 
JHDM2B/JMJD1B and JHDM3A/JMJD2A have been identified and the clones for the JmjC 
domain containing HDMs were available. This confirmed that the Drosophila homologs of the 
human genes were present. However, it was not known whether these HDMs were 
transcriptionally expressed in Drosophila and if so, during what stages of development. Their 
expression pattern could be indicative of the requirement and therefore the role of the various 
HDMs during Drosophila development. A RT-PCR assay using primer pairs specific for each of 
the HDMs was used to determine whether the genes were transcriptionally expressed during all 
the stages of Drosophila development. 
The two different classes of HDMs demethylate histones use distinct catalytic 
mechanisms that utilize different cofactors.  The first HDM class is characterized by founding 
member LSD1, which directly demethylates histone H3K4 me2/1 [3] and demethylates H3K9 
me2/1 when associated with Androgen Receptor (AR). LSD1 demethylation occurs via an 
oxidative demethylation reaction in which flavin is a cofactor and generates formaldehyde after 
successful demethylation. LSD1 contains three conserved domains – Amino Oxidase (AO) which 
functions both in substrate recognition and for cofactor binding, SWIRM and Tower [4]. The 
second class of HDMs contain a JmjC domain and catalyze both lysine and arginine 
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demethylation of histones via hydroxylation of methylated residue that requires iron Fe(II) and α- 
ketoglutarate (α-KG) cofactors and generates formaldehyde after successful demethylation [23, 
32]. The JmjC domain binds with the cofactors and is essential for its catalytic activity.  Due to 
differences in the catalytic mechanisms, conserved domains and substrate specificity between the 
different HDM classes and their family members, it has been suggested that individual HDM 
proteins may carry out distinct cellular functions regulated, in part, by their differential 
developmental expression profiles. To determine whether this is the case, we examined the 
expression profiles of different HDM family members from the LSD1 and three JmjC HDMs in 
all stages of Drosophila development using a semi-quantitative RT-PCR assay. Details regarding 
primers used are mentioned in Table. 9. The RT-PCR protocol is mentioned in 3.5. The results 
from +RT are shown in Fig. 20. There was no amplification product from –RT. Dmel\TIP60 and 
ribosomal protein RP49 are the two internal controls.  









Fig. 20. RT-PCR of two families of Drosophila HDMs – LSD1 and JmjC domain containing HDMs. 
The RT-PCR was carried out for all stages of Drosophila development – Embryo, first insrat, 
second instar, third instar, pupa and adult. Both Dmel\TIP60 and RP49 were used as internal 

























Fig. 21. Real time PCR of Dmel\TIP60.  
The black bars represent the expression levels of the histone acetyltransferase Dmel\TIP60. The 
white bars represent the expression levels of another histone acetyltransferase Dmel\ELP3. This 
graph has been used for comparison purposes. The RT-PCR results obtained for Dmel\TIP60 
closely follows the expression pattern in this graph.  
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Dmel\TIP60 was used as an internal control because previously a real time PCR of 
Dmel\TIP60 produced the expression profile present in Fig. 21[84]. If the RT-PCR amplification 
of Dmel\TIP60 from our semiquantitative assay matches the pattern of expression found in Fig. 
21, it would validate the other RT-PCR amplification results. As can be observed, the expression 
level of Dmel\TIP60 from the real-time RT-PCR indeed matches that of the semiquantitative RT-
PCR assay (Fig. 20) closely.  
The PCR products from the RT-PCR assays for each of the HDM genes was purified and 
sent for sequencing. Alignment with the respective sequences for each of the genes from NCBI 
confirmed that the bands in the gel picture were indeed the correct genes and not produced due to 
non-specific binding. 
From the gel pictures, it appears that the Drosophila HDMs are not only transcriptionally 
expressed during all stages of development; they are also differentially expressed, with highest 
expression during embryonic and adult stages. 
 
4.7 Identification and characterization of P-element suppressor line of Dmel\JHDM3A. 
 
As mentioned in earlier sections, it was decided to characterize Dmel\JHDM3A in 
Drosophila because it was the first trimethyl specific demethylase discovered [35] and the initial 
characterization of the gene in C.elegans, the only model organism in which it was studied, 
indicated the importance and role of the gene during gametogenesis [51]. 
Reverse genetics has been employed successfully to determine the function of new genes 
in recent times. The gene of interest can be disrupted through various means such as directed 
deletions, point mutations, gene silencing through RNA interference (RNAi) and through P-
element insertions. P-element insertions in Drosophila knockdown genes to various degrees 
depending on the point of insertion [73]. Insertion of the P-element in the promoter and enhancer 
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regions produces the most efficient disruption due to the action of suppressor of Hairy-wing 
(su(Hw)) and gypsy that is incorporated within the P-element. When inserted at the 5` UTR, the 
resulting mRNA does not possess the 5` cap, thus reducing the efficiency of translation of such 
mRNAs. When inserted into an intron, it can alter splicing and produce a non-functional protein. 
When inserted into an exon, it can produce a hybrid or a truncated protein.  Therefore it was 
decided to utilize P-element suppressor fly lines that specifically disrupted Dmel\JHDM3A to 
study the new gene in Drosophila. 
The P-element suppressor of Dmel\JHDM3A was identified by searching for fly stocks 
under the gene accession number for the gene - CG15835 at Flybase.org. The stock Bloomington 
number is 13828 and the genotype is: y1 w67c23; P{SUPor-P}CG15835KG04636. y1 indicates that the 
background fly into which the P-element was inserted had a mutation in the y gene producing a 
yellow body coloration instead of the wild-type brown coloration. w67c23 indicates that the fly has 
a mutation in the w (white) gene, the gene that produces red eye coloration. The mutation 
however makes the eye color white. P{SUPor-P}CG15835KG04636 indicates that a P-element is 
causing the suppression of the gene with accession number CG15835, and it is on the second 
chromosome[73, 85]. The composition of the {SUPor-P} is described in [73] along with how this 
element causes gene disruption. CG15835KG04636 symbolizes that this is an allele of the wild-type 
CG15835 which has been given then number KG04636. For convenience, the P-element 
suppressor fly stock will be denoted as Dmel\JHDM3AP-Supp. 
The other facts and details about the Dmel\JHDM3AP-Supp line are summarized – 1) the 
Dmel\JHDM3AP-Supp line is homozygous, 2) it is inserted in the first exon of the Dmel\JHDM3A 
gene right at the START codon, 3) the P-element contains the yellow and white marker genes for 
wild-type cuticle/body and eye color respectively[73]. These three points are depicted in Fig. 22. 
and 4) the size of the P-element is 11.4Kb. 
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Fig. 22. Depiction of some of the facts about the fly line Dmel\JHDM3AP-Supp 
 
 
In order to determine whether the P-element disrupts the gene and causes downregulation 
of Dmel/JHDM3A transcript, RT-PCR assay was conducted. mRNA was extracted separately 
from adult male and female Dmel\JHDM3AP-Supp mutant (MT) flies and Canton S wild-type (WT) 
flies. ORF primers as mentioned in 3.6.1 were used during the PCR. The assay was repeated three 
times, and each time fresh mRNA was extracted from a new set of adult flies. RP49 was used as 
our positive control and ~400bp primers as mentioned in 3.5.4were used. Only +RT gel pictures 
are shown, as –RT did not have any bands. The gel pictures are shown in Fig. 23. 
 















Fig. 23. Comparison of mRNA expression of Dmel\JHDM3A gene in wild type and mutant flies. 
The transcriptional expression of Dmel\JHDM3A was assessed through RT-PCR assay in male 
and female wild-type and mutant adult flies in order to determine whether the P-element in the 
mutants disrupted the expression of the gene. The RT-PCR assay was repeated three times using 
different sets of flies. The mutant males produce low levels of Dmel\JHDM3A mRNA. The 
mutant females do not express the full length gene at all. CantonS flies are used as control. Both 
male and female CantonS flies produce the Dmel\JHDM3A mRNA, however, the females appear 
to produce a brighter band indicative of higher mRNA expression. 
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The male MT flies express Dmel\JHDM3A at low levels, whereas the female flies do not 
express the full length Dmel\JHDM3A mRNA. The levels of Dmel\JHDM3A in male and female 
CantonS flies indicate the wild-type levels of the gene.  RP49 at ~400bp is the control.  
From these results we conclude that the gene is partially downregulated in male 
Dmel\JHDM3AP-Supp flies, whereas there is complete loss of full length mRNA expression in 
female flies. This fly line is therefore suitable for further characterization of Dmel\JHDM3A 
gene, particularly in female flies. Phenotypic and behavioral deviations from WT could be 
attributed to the disruption of the gene. 
The Dmel\JHDM3AP-Supp flies have a twitching phenotype where the flies appear restless 
and move their wings and other appendages in quick succession. This behavior is not observed in 
Canton S flies. Therefore, the initial characterization of the Dmel\JHDM3AP-Supp flies indicated 
that not only is the gene downregulated, but the downregulation may also be producing a 
twitching phenotype. This provides a clear direction in which the Dmel\JHDM3A gene function 
could be explored in Drosophila. 
 
4.8 Climbing assay with Dmel\JHDM3AP-Supp flies. 
 
The Dmel\JHDM3AP-Supp flies displayed a twitching phenotype and appeared to be more 
restless compared to CantonS wild-type flies. The Dmel\JHDM3AP-Supp flies shook their wings 
and legs in quick succession that appeared like the appendages were twitching. Shaking or 
twitching of legs has been associated with mutations in genes (Shaker (Sh), Hyperkinetic (Hk), 
and ether a go-go (eag)) that are potassium channel subunits that regulate electrical signal 
transmission in nerve cells [11]. Therefore we wanted to explore whether the shaking phenotype 
in the Dmel\JHDM3AP-Supp flies was produced due to neuronal defects.  
To determine whether there was any neurological origin to the twitching phenotype, a 
pilot run of the climbing assay was conducted. Normal Drosophila displays a negative geotactic 
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response. When tapped to the bottom of a vial, they rapidly climb to the top of the vial and 
remain there [78]. This natural response is compromised due to several reasons including ageing, 
neurological and muscle defects. The climbing assay is widely used to quantify the extent of 
climbing defect. This assay has been used in Drosophila models of several neurological diseases 
[86, 87] including Alzheimer's[77], Parkinson's[78] and Huntington's[79]. Therefore it was 
decided to use the climbing assay to asses for any neurological defects in the Dmel\JHDM3AP-Supp 
flies.  
The protocol followed for this assay is mentioned in 3.7. Initial observations indicated 
that majority of the WT and MT flies were able to reach to top of the vials within seconds of 
being tapped down. Therefore we deviated from the reference protocol and instead of recording 
the number of flies that were on the top after 18 seconds, we recorded the time taken by the 
slackers to begin climbing, during each test run. During the course of the experiment and as 
inferred from the results the there does not appear to be a difference between WT and MT flies in 



































Fig. 24. Climbing assay of wild type and mutant flies. 
The climbing assay was conducted for a period of 25 days after eclosion. There did not seem to 
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The experiment was conducted in triplicates with 3 sets of WT and MT flies, repeated 
between 3 and of 10 times. Statistical analysis was carried out using SAS programming as well as 
Excel statistical analysis tool. The SAS program code and the output is listed in Appendix I 
CHAPTER 5: A.1. Two-way ANOVA with replicates produced a p-value of 0.22 for the 
difference between WT and MT flies, not considering days after eclosion. This indicates that 
there was no significant difference between the ability of the slower WT and MT flies to climb up 
vials. Therefore the twitching phenotype does not appear produce any defects in their climbing 
abilities. However, this did not rule out that the twitching phenotype had a neurological basis. 
Molecular assays could be used instead of behavioral assays to isolate the cause of the twitching 
phenotype.  
 
4.9 Embryo staining with neuron specific antibodies in Dmel\JHDM3AP-Supp flies. 
 
To further investigate whether there was any neurological origin to the twitching 
phenotype observed in the Dmel\JHDM3AP-Supp flies, we carried out embryo staining using 
neuron specific antibodies 22C10, Elav and Repo. The protocol followed is as mentioned in 3.10. 
The antibody 22C10 is specific to axonal cytoskeleton[88], particularly of the central nervous 
system (CNS). Elav stains developing neurons in both CNS and peripheral nervous system (PNS) 
[89], therefore any defects in the PNS that were not observed with 22C10 could be detected. Repo 
antibody stains all developing glial cells in Drosophila embryo [90, 91]. The antibody staining 



















Fig. 25. Antibody staining with neuronal markers. 
There is no observable difference between the mutant and wild-type staining patterns. The 
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Repo stained Dmel\JHDM3AP-Supp embryos appeared to have some of the PNS 
projections malformed or missing. This led us to reexamine Repo staining using fluorescent 
secondary antibodies and take high resolution images using confocal microscopy. The protocol 
for fluorescent antibody staining differed from the DAB staining protocol; the details are 
mentioned in 3.10. This protocol however did not produce good results, mainly due to inadequate 
dechorination and devitellinization during the fixation step. Presence of these membranous layers 
does not allow the penetration and attachment of the primary antibodies. Repo staining was 
carried out with DAB a second time with the objective of taking high resolution images to 
quantify difference if any. However, there did not appear to be a difference between the WT and 
MT Repo staining in the majority of the embryos examined. 
The antibody staining results indicate that the nervous system is developing normally in 
Dmel\JHDM3AP-Supp flies. Therefore the cause of the twitching phenotype does not appear to be 
caused due to abnormality in embryonic neurogenesis.  
 
4.10 Fecundity assay with Dmel\JHDM3AP-Supp flies. 
 
In C. elegans, it was previously demonstrated that RNAi depletion of the JHDM3A 
homolog resulted in an increase in general H3-K9Me3 and localized H3-K36Me3 levels on 
meiotic chromosomes and triggered a p53 dependent germline apoptosis [51]. This demonstrated 
the role played by JHDM3A during gametogenesis.  We were therefore interested in studying the 
effects of the downregulation and knockdown of the gene in Drosophila males and females 
respectively on their ability to reproduce. The fecundity assay was carried out as outlined in 3.8. 
The assay was based on the fecundity assay as mentioned in [75]. Three sets of results were 
obtained as a result of the fecundity assay. First, the number of eggs laid per female fly was 
counted for a period of 34 days and the survivorship of the hatched eggs was recorded unto 
second instar larval stage and unto adulthood for a period of 14 days. The fecundity assay was 
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repeated three times and the average values were used to plot the results. The results are shown in 
Fig. 26, Fig. 27, Fig. 28. The SAS programs are present in the Appendix I. The graphs are 




Fig. 26. Graph of fecundity assay.  
Eggs laid per fly every day for 34 days after eclosion is plotted with mutant and wild-type flies. 
Each data point represents the average number of eggs laid by three female flies, that is, three 
experimental runs. Two-way ANOVA (with replication) compared the number of eggs laid over 
the lifetime of the flies. The p-value indicates that there is no significant difference in the 

























Fig. 27. Comparison of survivorship from eggs to second instar between mutant and wild-type flies. 
The number of eggs that hatch and grow into second instar larvae was recorded. The assay was 
conducted in triplicates and the error bars represent the standard deviations. There is no 
significant difference between the mutant and wild-type flies in terms of their survivorship to 


























Fig. 28. Comparison of survivorship from eggs to adult stage between mutant and wild-type flies. 
The number of eggs that hatch and grow into adult stage was recorded. The assay was conducted 
in triplicates and the error bars represent the standard deviations. There is no significant 
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While conducting the fecundity assay, it was observed that there was a difference in the 
preference of egg laying position between the mutant and wild-type flies. The wild-type flies laid 
most of the eggs near the yeast paste, which is their food, where as the mutant flies laid their eggs 
without any preference for the vicinity of the food source. The number of eggs laid in the food 
and the number of eggs not laid in the food was recorded and the results are plotted in the pie 
chart in Fig. 29. On analyzing the data using two factor ANOVA with replication, it was found 
that there is a significant difference between the mutant and wild-type egg laying preference, with 
a p-value of 0.037 < 0.05. The SAS program is documented in Appendix I. The mutant flies lay 




Fig. 29. Mutant flies lay eggs away from yeast food. 
The number of eggs that were laid in the food and away from the food was recorded during the 
lifetime of the mutant and wild-type flies. The assay was conducted in triplicates and the average 
values are used to plot the results. Significantly higher numbers of eggs were laid away from the 
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The newly hatched larvae move towards the yeast paste and feed on it. Therefore the eggs 
laid closer to the food source would have a better chance of survival compared to the others. 
However, there was no difference observed in the survivorship between the wild-type and the 
mutant. This could be attributed to the small size of the egg collection plates, making the distance 
between the farthest point and the food source not large enough to make a difference in 
survivorship. 
Perhaps the oviposition preference in the mutants is linked with the twitching phenotype 
in that both these deviations from wild-type behavior could have a neurological basis. Olfaction 
in Drosophila is controlled by a gene called smellblind which is a gene that encodes a voltage-
gated sodium channel. Defects in oviposition could be due to a defective olfactory system, and 
therefore could have a neurological origin. This hypothesis ties the two abnormal phenotypes in 
the mutant flies to neuronal abnormalities. Further investigation in the direction of olfactory 
defects may shed more light on the oviposition preference observed in the mutant female flies.  
 
4.11 Longevity of Dmel\JHDM3AP-Supp flies is sex dependent. 
 
While carrying out the fecundity assay, it was observed that there was a difference in the 
longevity of the mutant versus the wild-type flies. Therefore a longevity assay was set up as 
mentioned in 3.9. Males and females were assayed separately from a sample of over a 100 flies in 
each test setup. The percentage survival is plotted against days after eclosion. There appears to be 
a significant difference between the longevity of male mutant versus male wild-type flies. This is 
plotted in a graph in Fig. 30. There is however, no significant difference in the longevity of 

















Fig. 30. Male mutant flies appear to have a shorter life span compared to wild-type. 
113 wild-type males and 226 mutant males were used in the longevity assay. The flies were 
separated by sex and maintained in embryo collection chambers from day 1 after eclosion. Dead 
flies were counted while changing food plates everyday or every other day. Two-way ANOVA 
without replication was carried out and the P-value = 1.8E-8 indicating there is a significant 
difference between the percent survival of mutant flies compared to wild-type. 
 









Fig. 31. No difference in longevity between mutant and wild-type female flies. 
112 wild-type females and  193 mutant females were used in this longevity assay. The flies were 
separated by sex and maintained in embryo collection chambers from day 1 after eclosion. Dead 
flies were counted while changing food plates everyday or every other day. Two-way ANOVA 
without replication was carried out and the P-value = 0.3 indicating there is no difference between 
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Although there was a complete knockdown of the Dmel\JHDM3A transcriptional 
expression in females, and a partial knowndown in males, the longevity of the males was 
affected. This difference can be attributed to higher sensitivity of Dmel\JHDM3A knockdown in 
males than in females.  
Lifespan in Drosophila is affected by a number of factors including temperature [92], 
starvation and caloric restriction[69], oxidative stress [93], mating [94], and mutations in genes 
[75]. Further experimentation may be required to determine which of the factors is affecting 
longevity in the mutant male flies. For example, in order to rule out the influence of mating on 
longevity, the assay could be repeated without separating virgin males and females. If the results 
are not affected by the factor mating, it could be due to the knowndown of the Dmel\JHDM3A 
gene. 
The longevity assay was a preliminary study because the control flies which are the 
CantonS flies, do not share the same genetic background as the mutant flies. Therefore, the 
revertant flies generated by the precise excision of the disrupting P-element can be used as a more 
accurate experimental control set as they share the same genetic background with the mutant 
flies.  
 
4.12 Dmel\JHDM3A does not modify Position Effect Variegation (PEV) 
 
The Drosophila gene Su(Var)3-9 is a H3K9 specific histone methyltransferase [5].  This 
gene was discovered as an enhancer of PEV [95] in Drosophila. PEV is defined as variegation 
caused by the inactivation of a gene in some cells through its abnormal juxtaposition with 
heterochromatin [16]. The human and C.elegans homologs of JHDM3A specifically demethylate 
H3K9me3/2 apart from H3K36me3/2 Table. 4. Therefore it was hypothesized that the 
knockdown of the Dmel/JHDM3A would cause the enhancement of PEV effect due to the 
elevated levels of methylated H3K9 residues.  
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In order to test this hypothesis, variegated (PEV) fly lines needed to be used. The PEV fly 
lines have marker genes such as the white gene for eye color and Sb gene for stubble bristles 
placed next to heterochromatic regions. These genes are normally found in euchromatic regions, 
but in the PEV flies they are juxtaposed with heterochromatin, therefore their expression is 
regulated by the extent of spread of heterochromatin into the coding region of the genes. 
Mutations in heterochromatin-associated genes such as HP1 and Su(Var)3-9 cause the 
suppression of spread of heterochromatin, therefore they are suppressors of PEV. This 
phenomenon is observable and quantifiable by recording the extent of suppression of the marker 
genes that were juxtaposed with heterochromatin in these PEV fly lines. This example 
demonstrates how PEV flies are used to study heterochromatin modifying genes. PEV fly lines 
have been extensively used in PEV studies in Drosophila. 
Due to the presence of two marker genes white and yellow within the P-element in the 
mutant Dmel\JHDM3AP-Supp flies, Fig. 22, the Sb PEV system was the choice of fly line to 
conduct this experiment. From Bloomington, the fly line T(2;3)SbV,In(3LR)P35, In(3R)Mo, Sb1 
sr1/SM1; TM2  (T(2;3)SbV /SM1; TM2 for short) with a stock number of 879 was best suited for 
our PEV experiment. This type of PEV fly line has been used previously [96], where the number 
of stubble bristles are counted in order to determine the effect on PEV. 
The Dmel\JHDM3AP-Supp flies were crossed with T(2;3)SbV /SM1; TM2 flies in the test 
group and Canton S flies were crossed in the control group. These crosses were set up in 
triplicates. The details of the PEV experiment are mentioned in 3.11. The progeny of the crosses 
were separated by sex and eleven pairs of bristles located on the thorax of the fly were counted. 
Fig. 32 shows the names and the positions of the 22 bristles that were scored for PEV.  The 
results were plotted in graphs in Fig. 33, Fig. 34.  
 
 









Fig. 32. The thoracic bristles that were counted during PEV stubble bristle scoring. 
There are two sets of 11 bristles on the left and right side of the thorax. The bristles are numbered 
and the names are mentioned against the numbers. This picture has been reproduced from the 
book [108]. 
 








Fig. 33. Dmel\JHDM3A does not modify PEV in males. 
The mutant and wild-type flies were crossed with PEV stubble - SbV flies. The SbV flies have 
50:50 stubble:wild-type bristles. The percentage increase or decrease in stubble bristles in the 
progeny is an indicator of suppression and enhancement of PEV respectively. In the progeny with 
the cross with the wild-type flies, the percentage of stubble has increased, indicating a 
suppression of variegation. The suppression of PEV is lower, but not significantly lower in the 
male progeny of the mutant cross.  
 










Fig. 34. Dmel\JHDM3A does not modify PEV in females. 
The mutant and wild-type flies were crossed with PEV stubble - SbV flies. The SbV flies have 
50:50 stubble:wild-type bristles. The percentage increase or decrease in stubble bristles in the 
progeny is an indicator of suppression and enhancement of PEV respectively. In the progeny with 
the cross with the wild-type flies, the percentage of stubble has increased, indicating a 
suppression of variegation. The suppression of PEV is lower, but not significantly lower in the 
female progeny of the mutant cross.   
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Dmel\JHDM3A does not show positive chromatin modifying effects as revealed through 
position effect variegation experiments. This does not however rule out the possibility that 
Dmel\JHDM3A contributes to chromatin modification in a subtle way that was not detected 
through PEV experiment..The results could be attributed to the presence of Dmel\JHDM3C that 
shares both domain and substrate specificity Fig. 5 with Dmel\JHDM3A Table. 4.  
 
4.13 Precise excision of the P-element from Dmel\JHDM3AP-Supp flies produces two 
revertants. 
 
In order to ascribe phenotypes observed in Dmel\JHDM3AP-Supp flies to the disruption of 
the gene, it is essential to demonstrate that the particular phenotypes are rescued in the absence of 
the disrupting P-element. P-elements are excised through well established scheme of genetic 
crosses. The scheme that we have followed is outlined in Fig. 35. 
 






Fig. 35. P-element excision crossing scheme. 
The crossing scheme for the excision of the disrupting P-element is described. There are five 
steps or crosses in the scheme and 57 individual fly lines were generated from the crossing 
scheme. The penultimate cross is balanced with Cyo and is used to maintain the fly lines. The 
final homozygous flies are used for further experimentation that include determining which of the 
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The P-element excision flies generated were examined for precise excision of the P-
element by single fly genomic DNA PCR [97] as described in 3.12. Fig. 36 depicts the 
arrangement of the primers used in the genomic DNA PCR. If there are bands with primer sets 1-
2 and 3-4, it means the P-element is not excised. A band with primers 1-4 means the P-element is 




Fig. 36. The genomic DNA PCR primers that flank the P-element within the Dmel\JHDM3A gene. 
The orientation of the Dmel/JHDM3A and the P-element are indicated by 5` and 3`. The primers 
P1 and P2 flank the 5` insertion region of the P-element within the Dmel/JHDM3A gene. The 
primers P3 and P4 flank the 3` insertion region.  
 
 
One of the 57 fly lines is homozygous lethal, therefore genomic DNA PCR was carried 
out with the remaining 56 homozygous fly lines. The results indicated that two of the fly lines had 
a precise excision – there were no bands with primers P1-P2 and P3-P4, and there were bands 
with primers P1-P4. These two fly lines, #28 and #43 were ideal candidates to conduct RT-PCR 
to determine whether the level of the Dmel\JHDM3A gene was restored or not. Three adult males 
and females from these two fly lines and adult males from a control fly line (# 33) that did not 
have a precise excision were used to conduct RT-PCR. The RT-PCR results clearly indicate that 
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the level of the Dmel\JHDM3A gene has been restored only in the fly lines that had the precise 





Fig. 37. Genomic DNA PCR and RT-PCR of adult male flies from two revertant fly lines and one 
non-revertant fly line. 
The two revertant fly lines #28 and #43 do not have any bands from genomic DNA PCR with the 
primers P1-P2 and P3-P4, indicating that the P-element has been excised. The fly line #33 
produces bands with these primers, indicating the excision is not precise. The primer set P1-P4 
spans the entire P-element (11.4Kb) if the P-element is present and a short region if the P-element 
is excised. The bands are present in case of fly lines #28 and #43, and not #33. Finally, RT-PCR 
shows that the level of the Dmel\JHDM3A has been restored only in the lines #28 and #43 and not 
in #33 as expected. RP49 has been used as the internal control in both the genomic DNA PCR 
and in the RT-PCR. Results from only +RT from male flies are shown in the figure. There were 
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The results indicate that the fly lines 28 and 43 are the revertant fly lines. They have the 
identical genetic background as the mutant Dmel\JHDM3AP-Supp flies, therefore they can be used 
to conduct various assays where they are used as the control flies. Further, any phenotypic 
differences between the mutant and the revertant fly lines can be attributed to the disruption of the 
Dmel\JHDM3A gene.  
Among the 57 revertant fly lines, one is a homozygous lethal for the P-element excision. 
This is interesting because it shows that the imprecise excision of the P-element or alternatively, 
the excision of the P-element into some other location in the genome is causing lethality. Four fly 
lines were found to be homozygous sterile. This could again be the result of imprecise P-element 
excision or the excision of the P-element into a region that affects reproduction. 
Importantly, these fly lines show no evidence of twitching, indicating that this phenotype 
is caused by the disruption of the Dmel\JHDM3A gene.  
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CHAPTER 5:  DISCUSSION 
 
Histones are chromatin proteins that play an important role in DNA packaging and gene 
regulation. The nucleosome structure comprising of core histone proteins H2A, H2B, H3 and H4 
acts as a spool around which DNA wraps to produce the initial level of DNA packaging. Due to 
the proximity and the charge on the core histone tails, they also regulate gene expression. A 
number of covalent modifications decorate the N-terminal tails of the code histones. Some of 
these modifications include acetylation, phosphorylation, ubiquitination and methylation. 
Enzymes that maintain the dynamic state of these modifications had been discovered for all 
modifications except methylation. Histone demethylation was therefore thought to be non-
existent until the recent discovery of HDMs that can antagonize methylation on both lysine and 
arginine residues, as well as remove all three methylation states [32, 52].  Histone methylation 
has important functions in many biological processes that include heterochromatin formation, 
homeotic gene silencing, X-chromosome inactivation, genomic imprinting and transcriptional 
regulation [5] and more importantly, plays an important in carcinogenesis [54]. It is therefore 
interesting to study the HDMs and unravel how the dynamic state of histone methylation affects 
biological processes.  
Here we have established that the human homologs of two families of HDMs namely 
LSD1 and JmjC containing HDMs are present in Drosophila melanogaster, and they are 
transcriptionally expressed during all stages of development. Their expression pattern could be 
indicative of the requirement and therefore the role of the various HDMs during Drosophila 
development. We have focused our study on the human homolog of JMJD2A/JHDM3A in 
Drosophila, Dmel\JHDM3A. This gene has been previously characterized in C. elegans and 
found play an important during gametogenesis. The Drosophila Dmel\JHDM3A has been cloned 
for the first time using an RT-PCR based strategy from pupa and adult stages. The cDNA was 
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found to have four mismatches in the coding region of the gene compared to the sequence of the 
gene from NCBI. These four nucleotide changes do not alter the protein sequence. In order to 
study the role of Dmel\JHDM3A during development, we have used P-element suppressor fly 
lines. The P-element knocks down the gene due to its insertion in the first exon of the gene. The 
level of the full length transcriptional expression through RT-PCR assay revealed complete 
knowndown of the gene in female flies and a high level of knockdown in males. These flies were 
therefore suitable for studying the Dmel\JHDM3A gene. Phenotypic differences from wild-type 
(CantonS) flies and the P-element flies could be attributed to the absence or knockdown of the 
gene. These flies are called the mutant flies and represented as Dmel\JHDM3AP-Supp. The mutant 
flies appeared to twitch their wings and other appendages and were generally very restless 
compared to wild-type flies. This was the first phenotype observed in the mutant flies.  
A number of assays were developed to study the mutant flies that were based on the 
twitching phenotype and the knowledge that the gene was found to be required during 
gametogenesis in C. elegans.  
It has been previously shown that mutations in genes that encode voltage gated ion 
channels and therefore associated with electrical signal transmission, display a similar shaking 
phenotype that was observed in our mutant flies [11]. Therefore we had reason to believe that the 
twitching phenotype observed in the mutant flies could have stemmed from neurological 
disorders. The climbing assay has been used in Drosophila models of several neurological 
diseases [86, 87]. Normal Drosophila displays a negative geotactic response. When flies are 
tapped down to the bottom of a vial, they respond by rapidly climbing to the top of the vial and 
remaining there. Flies with neurological disorders fail to display this behavior. They get 
disoriented when tapped down and do not climb up the vials as quickly as normal flies. It was 
therefore decided to use the climbing assay to investigate whether the twitching phenotype had a 
neurological basis. The results indicated that the climbing ability was not affected by the 
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knockdown of the gene in the adult stage. To further investigate whether the nervous system was 
affected at an earlier stage of development through molecular techniques as opposed to 
behavioral assays, antibody staining of embryos with neuronal markers was carried out. The 
antibodies selected were Repo (stains all developing glial cells), 22C10 (specific to axonal 
cytoskeleton, particularly in the CNS) and Elav (stains developing neurons in both CNS and 
PNS). The embryo staining did not reveal any malformation in the nervous system of developing 
embryos in the mutants. The origin of the twitching phenotype is therefore yet to be determined. 
Importantly, the twitching phenotype is absent in the revertant fly lines that were later generated 
by the precise excision of the P-element from the mutant flies. This indicates that the twitching 
phenotype is caused by the disruption of the Dmel\JHDM3A gene. Therefore further 
investigation is needed to not only quantify the twitching phenotype, but also investigate its basis. 
Initial investigation in current literature shows that there are other mechanisms apart from 
neurological disorders that can produce the phenotype we observe. For example, a mutation that 
affects mitochondria in flight muscle fibers not only produces a twitching phenotype but also 
reduces life span in Drosophila [10]. The mutant flies were found to be more sensitive to 
hyperoxia compared to normal flies with a concomitant degeneration of the mitochondria and 
widespread apoptotic cell death in flight muscles. Significantly, the flight assay [98, 99] which is 
another behavioral assay has been successfully used to investigate muscular [10, 100] as well as 
neurological defects [100, 101] in flies. It appears that neurological defects as observed in the 
model system of Parkinson’s disease in Drosophila manifests in the form of mitochondrial 
degeneration that affects muscle cells in particular [100, 101]. Significantly the neurological 
defect does not produce any defects in the nervous system or the brain of the developing fly. The 
defects in the muscle cells affect flight muscle fibers causing severe loss of flying ability. The 
flight assay has been designed to detect and quantify such defects in flight muscle fibers. Clearly, 
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investigating the muscle development in the mutant flies is one possible direction in which the 
twitching phenotype of our mutant flies can be examined.  
The C. elegans study indicated the possible role of JHDM3A homolog in gametogenesis. 
Therefore fecundity assay was set up to investigate whether the gene affected reproduction in 
Drosophila as well. The results did not show a significant difference between the wild-type and 
the mutant flies, both in terms of the number of eggs laid, and also in terms of the survivorship of 
the eggs laid to second instar and adult stages. However, one behavioral difference was observed 
during the course of the fecundity assay. The mutant flies laid eggs away from the yeast food in 
significantly larger numbers than the wild-type flies. The onus of a better chance at survival of 
the emerging larvae lies with the female parent and the location she chooses to lay her eggs. The 
food medium and the environment affect the survival of the embryos and larvae to a high degree, 
and this important trait is genetically controlled in Drosophila. There are several mutations that 
affect the oviposition preference [102, 103]. However, a concomitant difference in the 
survivorship of the embryos was not observed. This could be due to the proximity of the food on 
the grape juice plates used in our assay. A difference may be observed if the distance between the 
emerging larvae and the yeast paste is lager than can be traversed by the larvae. In summary, the 
fecundity assay did not reveal any difference in the number of eggs laid by the mutants or in the 
survivorship of the eggs to second instar and adult stages. However, the oviposition site 
preference is altered in the mutant fly, which is not in favor of the survival of the emerging 
larvae. Interestingly, the gene required for olfaction in Drosophila, the smellblind gene [104] is 
actually a gene that encodes a voltage-gated sodium channel[12]. This led us to believe that the 
altered preference in oviposition among the mutant flies could also be linked to olfactory defects, 
which could be a manifestation of a neuronal defect. This idea hypothetically links both the 
twitching phenotype and the altered preference in oviposition to neuronal abnormalities in the 
mutant flies. 
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During the course of the various assays it was observed that there could be a difference in 
the longevity of the mutant flies, which prompted us to conduct the longevity assay. The results 
indicate that male mutant flies begin to die sooner than wild-type flies, whereas the females are 
not affected. Lifespan in Drosophila is affected by a number of factors including temperature 
(Ref book - Biology of Drosophila), starvation and caloric restriction [69], oxidative stress 
(mutation in the Enigma gene confers resistance to oxidative stress and increases longevity) [93], 
mating (causes lengthening of female lifespan and shortening of male lifespan) [94], and 
mutations in genes (mutations in the indy gene causes lengthening of lifespan) [75]. Further 
experimentation may be required to determine which of the factors is affecting longevity in the 
mutant male flies. For example, in order to rule out the influence of mating on longevity, the 
assay could be repeated without separating virgin males and females. If the results are not 
affected by the mating factor, it could be due to the knockdown of the Dmel\JHDM3A gene. 
Additionally, the transcriptional expression of some of the genes that are known to affect 
longevity under various conditions can be compared to wild-type expressions. These results could 
enable us to determine if Dmel\JHDM3A belongs to a particular pathway that affects longevity. 
Significantly, chromatin immunoprecipitation (ChIP) assays can be employed to investigate 
whether Dmel\JHDM3A is recruited to promoter regions of target genes that affect longevity. 
This could potentially tie the process of demethylation to the regulation of longevity associated 
genes. In support of this hypothesis, the longevity affecting histone deacetylases (HDACs) Sir2 
and Rpd3 may provide some clues. It has been demonstrated that the HDACs Sir2 and Rpd3 
affect longevity through a pathway related to calorie restriction [69, 70]. Calorie restriction or 
mutation of Rpd3 or upregulation of Sir2 cause the extension of lifespan in Drosophila. However, 
when Sir2 is downregulated, the lifespan extending properties of both calorie restriction and 
mutation in Rpd3 is abrogated. This indicates that the histone deacetylase Sir2 is responsible for 
extending lifespan that could be triggered by calorie restriction or a mutation in Rpd3. Histone 
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deacetylases regulate gene expression, and Sir2 is known to deacetylate and inactivate p53 as 
well. Therefore this epigenetic regulator may regulate downstream genes in response to calorie 
restriction to bring about life extension in Drosophila. HDMs may follow similar mechanisms as 
HDACs in controlling lifespan. It has already been established that HDMs regulate transcription 
[8, 35, 58, 72]. Therefore it would not be surprising if HDMs like HDACs regulated genes that 
function in a pathway linked to lifespan. 
Methylation of H3K9 is associated with heterochromatin and repression of genes [5]. 
Because JHMD3A is a H3K9me3/2 demethylase, Table. 4, we were interested in investigating 
whether Dmel\JHDM3A altered chromatin structure. Position effect variegation is a standard 
assay to study genes that are chromatin regulators. PEV is defined as variegation caused by the 
inactivation of a gene in some cells through its abnormal juxtaposition with heterochromatin [16]. 
The PEV assay in flies is standardized and quantifiable; therefore the PEV experiment was 
conducted to test this hypothesis. The results indicate that knockdown of Dmel\JHDM3A does 
not affect PEV in both males and females. This result could be attributed to the presence of the 
human homolog of JMJD2C/JHDM3C in Drosophila. The Dmel/JHDM3C in Drosophila not 
only shares the same domains with Dmel\JHDM3A Fig. 5 but also shares substrate specificity 
Table. 4. Therefore there is a high likelihood that the Dmel/JHDM3C and Dmel\JHDM3A may 
also share similar functional roles in Drosophila resulting in the absence of a definitive PEV 
alteration.  
In order to ascribe phenotypes observed in Dmel\JHDM3AP-Supp flies to the disruption of 
the gene, it is essential to demonstrate that the particular phenotypes are rescued in the absence of 
the disrupting P-element. Through genetic crosses, the disrupting P-element was excised from the 
mutant fly line to create revertant fly lines. A total of 57 revertant fly lines were generated. 
Among them, two fly lines had a precise excision of the P-element. Through RT-PCR the 
transcriptional level of the Dmel\JHDM3A gene was found to be restored to wild-type levels in 
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both these fly lines in both males and females. Therefore these flies can function as the control 
line for various assays as they have the same genetic background as the mutant flies. 
Interestingly, the two revertant fly lines did not display the twitching phenotype observed in the 
mutant flies. The twitching phenotype needs to be further investigated and quantified using the 
revertant flies as control.   
In summary, we have demonstrated that several human homologs of HDMs are present 
and transcriptionally expressed during all the stages of development. The Dmel/JHDM3A cDNA 
has been cloned for the first time, and it can be used to create overexpression fly lines to further 
study the gene. Revertant fly lines have been created that have the same genetic background as 
the mutant flies; therefore they can be used as the ideal control line for all future experiments 
with the gene. Longevity is affected by the knockdown of the gene in mutant male flies and the 
mutant female flies display a non-wild-type preference for oviposition. However, reproduction 
does not appear to be affected by the mutation. From the other assays it can be concluded that the 
gene does not affect the negative geotaxis behavior, nor does it cause any visible defects in 
development of the nervous system in embryos. The gene also does not appear to modify PEV. 
This does not however rule out the possibility that Dmel\JHDM3A contributes to these biological 
functions in a subtle way that was not detected through the assays conducted so far. There is a 
high likelihood that the other JMJD2/JHDM3 gene, Dmel\JHDM3C that shares the same domains 
and substrates (in other organisms) could be causing functional redundancy. It would be 
interesting to study this gene family in a fly line that has a double mutation for both 
Dmel\JHDM3A and Dmel\JHDM3C.  
Although the questions that were raised have been addressed during the course of the 
project, a number of grey areas remain that need further investigation. First and foremost, after 
the successful generation of two revertant fly lines, a number of the assays can be repeated using 
the revertant flies as the control set to detect whether the mutant phenotypes are rescued. The 
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revertant flies have the same genetic background as the mutant flies; therefore they are the ideal 
control set. Some of the assays that could be repeated with the revertant fly lines are – (1) 
longevity assay: the mutant males began to die out sooner when compared to CantonS flies. 
Therefore it would be interesting to determine how the revertant flies fare compared to the mutant 
flies, (2) fecundity assay: to find out if the oviposition preference in the revertant flies is 
comparable with wild-type flies and the mutant phenotype is rescued, (3) PEV: the negative 
results with CantonS as the control group could be due to the difference in genetic background 
between the mutant and wild-type flies. To rule out this possibility, the assay could be repeated 
using the revertant flies in the control group. Apart from repeating the previous assays with the 
revertant flies, new assays can be designed that can capture the twitching phenotype in a 
quantitative manner. Automated experimental setups such as the RING assay [105] (utilizes 
digital photography to document negative geotaxis in multiple groups of animals simultaneously) 
can be identified that would be suitable for our study. An experimental setup that can record the 
amount of distance moved by a set of flies in a given time as a measure of determining their level 
of hyperactivity could be suitable for our purposes.  
  The Dmel\JHDM3A TOPO clone can be used to generate overexpression fly lines after 
sub-cloning into pUAST vector. If the overexpressor flies are able to rescue the twitching 
phenotype in the mutants, it would further prove that the twitching is due to the disruption of the 
Dmel\JHDM3A gene. The overexpressor flies could be used in the place of revertant flies 
generated through P-element excision, as they would have the same genetic background as the 
mutant flies as well. 
Finally, is would be interesting to determine whether Dmel\JHDM3C is indeed causing 
functional redundancy in the Dmel\JHDM3AP-Supp flies. In other words do Dmel\JHDM3A and 
Dmel\JHDM3C have the same functional role in Drosophila or do they have distinct functions? 
This important question can be addressed by studying the Dmel\JHDM3C gene in isolation, just 
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like the Dmel\JHDM3A gene was studied. If the disruption of Dmel\JHDM3C produces the same 
phenotypes as the mutation in Dmel\JHDM3A, it would indicate the genes indeed have a similar 
functional role during Drosophila development. In addition, if the overexpression of 
Dmel\JHDM3C is able to rescue the phenotype of Dmel\JHDM3A, it would further strengthen 
the supposition that Dmel\JHDM3C is causing functional redundancy to Dmel\JHDM3A. 
Significantly in C. elegans, the only organism in which JHDM3A has been studied has a single 
gene in the JHDM3/JMJD2 family. The role of this family of HDMs appears to be the reversal of 
tri- and dimethyl groups from H3K9 and H3K36 and is distinctive. Due to the presence of a 
single gene in the JHDM3/JMJD2 family in C.elegans, the phenotype is more pronounced and it 
plays an important and non-redundant role during gametogenesis. However, Drosophila has two 
genes in the JHDM3\JMJD2 family - Dmel\JHDM3A and Dmel\JHDM3C and humans have four 
(JHDM3A-JHDM3D). All the four human JHDM3/JMJD2 genes target the tri- and dimethylated 
states of H3K9 and/or H3K36. It is therefore not surprising that the disruption of one of the genes 
is compensated by the normal functioning of the other genes in the same family. In order to fully 
understand the role of H3K9 and H3K36 demethylation of tri- and dimethyl groups, a double 
mutation of Dmel\JHDM3A and Dmel\JHDM3C would be a more appropriate model. These 
double mutations can be generated by using P-element flies and through genetic crossing.  
There are a number of questions that could not be addressed during the course of the 
project. Some of them would enable us to further understand the specific role of the gene during 
development and others would unravel the mechanisms though which the gene functions. This 
knowledge can ultimately have numerous applications from acquiring a handle that can regulate 
gene expression to possible cancer therapy. Some of these questions are explored in the 
concluding part of this discussion. 
JHDM3A is a trimethyl specific histone demethylase in humans [35] and in C.elegans 
[51]. It is yet to be determined whether Dmel\JHDM3A is also a trimethyl specific demethylase 
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in Drosophila. Human JHDM3A regulates the expression of it’s only known target gene – ASCL2 
[35] by causing demethylation at the gene locus. It would be interesting to find out whether 
Dmel\JHDM3A also has target genes in Drosophila and whether they are regulated in a similar 
manner. These results would establish the mechanism and role of Dmel\JHDM3A as an 
epigenetic regulator of gene expression in Drosophila. JMJD2A/JHDM3A and 
JMJD2D/JHDM3D associate with Androgen Receptor (AR) and activate the AR target gene. The 
activation of some of the target genes appears to play a major role in the development of prostate 
cancer [72]. Considering that AR ablation, which is currently used as a means of controlling 
prostate cancer, is not very effective, inhibiting the HDMs that function as co-activators of AR 
could prove to be an effective therapeutic target. Ultimately if Drosophila can be used as a model 
system to explore such therapeutic possibilities, the gain would be enormous. Exploring the role 
and mechanism of Dmel\JHDM3A functioning in Drosophila are some of the initial steps in just 
such a direction.  
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APPENDIX A : SAS PROGRAMS FOR STATISTICAL ANALYSIS 
A.1 Climbing Assay Program 
options ls=80 nocenter; 
data ClimbingData; 
        do days = 1, 2, 3, 4, 5, 8, 9, 10 ,12, 15, 16, 19, 22, 23, 24, 25; 
                do FlyType ='MT' , 'WT'; 
                        do repeats = 1 to 3; 
                                input TimeToClimb @@; output; 
                        end; 
                end; 
        end; 
datalines; 
8 5 8 8 7 11 6 5 6 4 9 11 6 7 6 5 6 6 4 5 4 3 5 4 
4 4 6 4 5 5 6 4 6 5 5 4 8 4 7 5 6 8 8 5 6 5 6 5 
10 7 8 6 10 8 13 9 7 8 6 8 9 7 7 6 8 7 7 8 8 5 5 5 





        class FlyType days; 
        model TimeToClimb = FlyType days FlyType*days; 
run; 
A.1.1 Climbing Assay output 
               Fly                  To 
Obs    days    Type    repeats     Climb 
 
  1      1      MT        1          8   
  2      1      MT        2          5   
  3      1      MT        3          8   
  4      1      WT        1          8   
  5      1      WT        2          7   
  6      1      WT        3         11   
  7      2      MT        1          6   
  8      2      MT        2          5   
  9      2      MT        3          6   
 10      2      WT        1          4   
 11      2      WT        2          9   
 12      2      WT        3         11   
 13      3      MT        1          6   
 14      3      MT        2          7   
 15      3      MT        3          6   
 16      3      WT        1          5   
 17      3      WT        2          6   
 18      3      WT        3          6   
 19      4      MT        1          4   
 20      4      MT        2          5   
 21      4      MT        3          4   
 22      4      WT        1          3   
 23      4      WT        2          5   
 24      4      WT        3          4   
 25      5      MT        1          4   
 26      5      MT        2          4   
 27      5      MT        3          6   
 28      5      WT        1          4   
 29      5      WT        2          5   
 30      5      WT        3          5   
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 31      8      MT        1          6   
 32      8      MT        2          4   
 33      8      MT        3          6   
 34      8      WT        1          5   
 35      8      WT        2          5   
 36      8      WT        3          4   
 37      9      MT        1          8   
 38      9      MT        2          4   
 39      9      MT        3          7   
 40      9      WT        1          5   
 41      9      WT        2          6   
 42      9      WT        3          8   
 43     10      MT        1          8   
 44     10      MT        2          5   
 45     10      MT        3          6   
 46     10      WT        1          5   
 47     10      WT        2          6   
 48     10      WT        3          5   
 49     12      MT        1         10   
 50     12      MT        2          7   
 51     12      MT        3          8   
 52     12      WT        1          6   
 53     12      WT        2         10   
 54     12      WT        3          8   
 55     15      MT        1         13   
 56     15      MT        2          9   
 57     15      MT        3          7   
 58     15      WT        1          8   
 59     15      WT        2          6   
 60     15      WT        3          8   
 61     16      MT        1          9   
 62     16      MT        2          7   
 63     16      MT        3          7   
 64     16      WT        1          6   
 65     16      WT        2          8   
 66     16      WT        3          7   
 67     19      MT        1          7   
 68     19      MT        2          8   
 69     19      MT        3          8   
 70     19      WT        1          5   
 71     19      WT        2          5   
 72     19      WT        3          5   
 73     22      MT        1          6   
 74     22      MT        2          7   
 75     22      MT        3          4   
 76     22      WT        1          4   
 77     22      WT        2          5   
 78     22      WT        3          6   
 79     23      MT        1          8   
 80     23      MT        2          7   
 81     23      MT        3         10   
 82     23      WT        1          6   
 83     23      WT        2          6   
 84     23      WT        3          7   
 85     24      MT        1          7   
 86     24      MT        2          8   
 87     24      MT        3          9   
 88     24      WT        1          8   
 89     24      WT        2          6   
 90     24      WT        3          7   
 91     25      MT        1          6   
 92     25      MT        2          9   
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 93     25      MT        3          7   
 94     25      WT        1         14   
 95     25      WT        2          7   
 96     25      WT        3          7   
 
The ANOVA Procedure 
 
                     Class Level Information 
  
Class         Levels    Values 
 
FlyType            2    MT WT                                     
 
days              16    1 2 3 4 5 8 9 10 12 15 16 19 22 23 24 25  
 
 
Number of observations    96 
 
The ANOVA Procedure 
  
Dependent Variable: TimeToClimb    
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > F 
Model                      31    213.8229167      6.8975134      2.70   0.0004 
Error                      64    163.3333333      2.5520833                    
Corrected Total            95    377.1562500                                   
 
R-Square     Coeff Var      Root MSE    TimeToClimb Mean 
 
0.566935      24.22785      1.597524            6.593750 
Source                     DF       Anova SS    Mean Square   F Value   Pr > F 
 
FlyType                     1      3.7604167      3.7604167      1.47   0.2293 
days                       15    164.6562500     10.9770833      4.30   <.0001 
FlyType*days               15     45.4062500      3.0270833      1.19   0.3054 
 
A.2 Number of eggs laid 
options ls=80 nocenter; 
 
data EggData; 
        do Days = 
1,2,3,4,5,8,9,10,11,14,15,16,17,18,21,22,23,24,25,29,30,32,34; 
                do FlyType = 'Canton S','3A-P-Suppressor'; 
                        do RepeatNumber = 1 to 3; 
                                input NumberOfEggs @@; output; 
                        end; 
                end; 
        end; 
datalines; 
3 5 3 6 2 11 31 32 33 26 49 45 61 52 73 54.7 116 79 
56 42 60 50 71 69 60 52 84 79 84 86 35 34 46 51 50 61  
31 52 20 58 38 59 59 55 . 59 50 25 31 48 73 67 49 75 
26 47 48 66 22 31 50 50 17 51 19 34 39 46 17 33 7 3  
35 46 31 40 3 0 26 47 10 17 24 0 0 31 0 0 0 . 10 13 0 1 0 .  
28 31 0 6 0 . 24 19 0 0 . . 6 18 0 0 . . 9 . . 0 . .  
2 . . 0 . . 2 . . 0 . . 1 . . 0 . . 
; 
 





        class FlyType Days; 
        model NumberOfEggs = FlyType Days Flytype*Days; 
run; 
 
A.2.1 Number of eggs – output 
                           Repeat    Number 
Obs    Days    FlyType     Number    OfEggs 
 
  1      1     Canton S       1         3.0 
  2      1     Canton S       2         5.0 
  3      1     Canton S       3         3.0 
  4      1     3A-P-Sup       1         6.0 
  5      1     3A-P-Sup       2         2.0 
  6      1     3A-P-Sup       3        11.0 
  7      2     Canton S       1        31.0 
  8      2     Canton S       2        32.0 
  9      2     Canton S       3        33.0 
 10      2     3A-P-Sup       1        26.0 
 11      2     3A-P-Sup       2        49.0 
 12      2     3A-P-Sup       3        45.0 
 13      3     Canton S       1        61.0 
 14      3     Canton S       2        52.0 
 15      3     Canton S       3        73.0 
 16      3     3A-P-Sup       1        54.7 
 17      3     3A-P-Sup       2       116.0 
 18      3     3A-P-Sup       3        79.0 
 19      4     Canton S       1        56.0 
 20      4     Canton S       2        42.0 
 21      4     Canton S       3        60.0 
 22      4     3A-P-Sup       1        50.0 
 23      4     3A-P-Sup       2        71.0 
 24      4     3A-P-Sup       3        69.0 
 25      5     Canton S       1        60.0 
 26      5     Canton S       2        52.0 
 27      5     Canton S       3        84.0 
 28      5     3A-P-Sup       1        79.0 
 29      5     3A-P-Sup       2        84.0 
 30      5     3A-P-Sup       3        86.0 
 31      8     Canton S       1        35.0 
 32      8     Canton S       2        34.0 
 33      8     Canton S       3        46.0 
 34      8     3A-P-Sup       1        51.0 
 35      8     3A-P-Sup       2        50.0 
 36      8     3A-P-Sup       3        61.0 
 37      9     Canton S       1        31.0 
 38      9     Canton S       2        52.0 
 39      9     Canton S       3        20.0 
 40      9     3A-P-Sup       1        58.0 
 41      9     3A-P-Sup       2        38.0 
 42      9     3A-P-Sup       3        59.0 
 43     10     Canton S       1        59.0 
 44     10     Canton S       2        55.0 
 45     10     Canton S       3          .  
 46     10     3A-P-Sup       1        59.0 
 47     10     3A-P-Sup       2        50.0 
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 48     10     3A-P-Sup       3        25.0 
 49     11     Canton S       1        31.0 
 50     11     Canton S       2        48.0 
 51     11     Canton S       3        73.0 
 52     11     3A-P-Sup       1        67.0 
 53     11     3A-P-Sup       2        49.0 
 54     11     3A-P-Sup       3        75.0 
 55     14     Canton S       1        26.0 
 56     14     Canton S       2        47   
 57     14     Canton S       3        48   
 58     14     3A-P-Sup       1        66   
 59     14     3A-P-Sup       2        22   
 60     14     3A-P-Sup       3        31   
 61     15     Canton S       1        50   
 62     15     Canton S       2        50   
 63     15     Canton S       3        17   
 64     15     3A-P-Sup       1        51   
 65     15     3A-P-Sup       2        19   
 66     15     3A-P-Sup       3        34   
 67     16     Canton S       1        39   
 68     16     Canton S       2        46   
 69     16     Canton S       3        17   
 70     16     3A-P-Sup       1        33   
 71     16     3A-P-Sup       2         7   
 72     16     3A-P-Sup       3         3   
 73     17     Canton S       1        35   
 74     17     Canton S       2        46   
 75     17     Canton S       3        31   
 76     17     3A-P-Sup       1        40   
 77     17     3A-P-Sup       2         3   
 78     17     3A-P-Sup       3         0   
 79     18     Canton S       1        26   
 80     18     Canton S       2        47   
 81     18     Canton S       3        10   
 82     18     3A-P-Sup       1        17   
 83     18     3A-P-Sup       2        24   
 84     18     3A-P-Sup       3         0   
 85     21     Canton S       1         0   
 86     21     Canton S       2        31   
 87     21     Canton S       3         0   
 88     21     3A-P-Sup       1         0   
 89     21     3A-P-Sup       2         0   
 90     21     3A-P-Sup       3         .   
 91     22     Canton S       1        10   
 92     22     Canton S       2        13   
 93     22     Canton S       3         0   
 94     22     3A-P-Sup       1         1   
 95     22     3A-P-Sup       2         0   
 96     22     3A-P-Sup       3         .   
 97     23     Canton S       1        28   
 98     23     Canton S       2        31   
 99     23     Canton S       3         0   
100     23     3A-P-Sup       1         6   
101     23     3A-P-Sup       2         0   
102     23     3A-P-Sup       3         .   
103     24     Canton S       1        24   
104     24     Canton S       2        19   
105     24     Canton S       3         0   
106     24     3A-P-Sup       1         0   
107     24     3A-P-Sup       2         .   
108     24     3A-P-Sup       3         .   
109     25     Canton S       1         6   
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110     25     Canton S       2        18   
111     25     Canton S       3         0   
112     25     3A-P-Sup       1         0   
113     25     3A-P-Sup       2         .   
114     25     3A-P-Sup       3         .   
115     29     Canton S       1         9   
116     29     Canton S       2         .   
117     29     Canton S       3         .   
118     29     3A-P-Sup       1         0   
119     29     3A-P-Sup       2         .   
120     29     3A-P-Sup       3         .   
121     30     Canton S       1         2   
122     30     Canton S       2         .   
123     30     Canton S       3         .   
124     30     3A-P-Sup       1         0   
125     30     3A-P-Sup       2         .   
126     30     3A-P-Sup       3         .   
127     32     Canton S       1         2   
128     32     Canton S       2         .   
129     32     Canton S       3         .   
130     32     3A-P-Sup       1         0   
131     32     3A-P-Sup       2         .   
132     32     3A-P-Sup       3         .   
133     34     Canton S       1         1   
134     34     Canton S       2         .   
135     34     Canton S       3         .   
136     34     3A-P-Sup       1         0   
137     34     3A-P-Sup       2         .   
138     34     3A-P-Sup       3         .   
 
The ANOVA Procedure 
 
                            Class Level Information 
  
Class       Levels  Values 
 
FlyType          2  3A-P-Sup Canton S                                            
Days            23  1 2 3 4 5 8 9 10 11 14 15 16 17 18 21 22 23 24 25 29 30 32   
                    34                                                           
 
 
Number of observations    138 




The ANOVA Procedure 
Dependent Variable: NumberOfEggs    
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > F 
Model                      45    64076.59237     1423.92427      6.97   <.0001 
Error                      68    13899.56000      204.40529                    
Corrected Total           113    77976.15237                                   
 
 
R-Square     Coeff Var      Root MSE    NumberOfEggs Mean 
0.821746      44.20925      14.29704             32.33947 
 
 
Source                     DF       Anova SS    Mean Square   F Value   Pr > F 
FlyType                     1      227.26404      227.26404      1.11   0.2954 
Days                       22    58933.26070     2678.78458     13.11   <.0001 
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FlyType*Days               22     4916.06763      223.45762      1.09   0.3758 
 
A.3 Survivorship unto second instar larva stage 
options ls=80 nocenter; 
 
data EggToSecondInstar; 
        do Days = 1,2,3,5,8,9,11,14; 
                do FlyType = 'Canton S','3A-P-Suppressor'; 
                        do RepeatNumber = 1 to 3; 
                                input PercentSecondInstar @@; output; 
                        end; 
                end; 
        end; 
datalines; 
 
56 56 63 57 50 45 104 89 45 66 68 100 80 . . 91 . .  
87 54 90 75 74 85 86 82 67 78 32 82  
68 87 50 66 55 81 . . 77 . . 75  







        class FlyType Days; 
        model PercentSecondInstar = FlyType Days Flytype*Days; 
run; 
A.3.1 Eggs to Second Instar Output 
                                     Percent 
                           Repeat     Second 
Obs    Days    FlyType     Number     Instar 
 
  1      1     Canton S       1         56   
  2      1     Canton S       2         56   
  3      1     Canton S       3         63   
  4      1     3A-P-Sup       1         57   
  5      1     3A-P-Sup       2         50   
  6      1     3A-P-Sup       3         45   
  7      2     Canton S       1        104   
  8      2     Canton S       2         89   
  9      2     Canton S       3         45   
 10      2     3A-P-Sup       1         66   
 11      2     3A-P-Sup       2         68   
 12      2     3A-P-Sup       3        100   
 13      3     Canton S       1         80   
 14      3     Canton S       2          .   
 15      3     Canton S       3          .   
 16      3     3A-P-Sup       1         91   
 17      3     3A-P-Sup       2          .   
 18      3     3A-P-Sup       3          .   
 19      5     Canton S       1         87   
 20      5     Canton S       2         54   
 21      5     Canton S       3         90   
 22      5     3A-P-Sup       1         75   
 23      5     3A-P-Sup       2         74   
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 24      5     3A-P-Sup       3         85   
 25      8     Canton S       1         86   
 26      8     Canton S       2         82   
 27      8     Canton S       3         67   
 28      8     3A-P-Sup       1         78   
 29      8     3A-P-Sup       2         32   
 30      8     3A-P-Sup       3         82   
 31      9     Canton S       1         68   
 32      9     Canton S       2         87   
 33      9     Canton S       3         50   
 34      9     3A-P-Sup       1         66   
 35      9     3A-P-Sup       2         55   
 36      9     3A-P-Sup       3         81   
 37     11     Canton S       1          .   
 38     11     Canton S       2          .   
 39     11     Canton S       3         77   
 40     11     3A-P-Sup       1          .   
 41     11     3A-P-Sup       2          .   
 42     11     3A-P-Sup       3         75   
 43     14     Canton S       1         65   
 44     14     Canton S       2         72   
 45     14     Canton S       3         48   
 46     14     3A-P-Sup       1         70   
 47     14     3A-P-Sup       2         50   
 48     14     3A-P-Sup       3         23   
 
         Class Level Information 
  
Class         Levels    Values 
 
FlyType            2    3A-P-Sup Canton S  
 
Days               8    1 2 3 5 8 9 11 14  
 
 
Number of observations    48 
 
NOTE: Due to missing values, only 40 observations can be used in this analysis. 
 
 
Dependent Variable: PercentSecondInstar    
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > F 
Model                      15     4922.64167      328.17611      1.01   0.4745 
Error                      24     7773.33333      323.88889                    
Corrected Total            39    12695.97500                                   
 
 
R-Square     Coeff Var      Root MSE    PercentSecondInstar Mean 
 
0.387732      26.18685      17.99691                    68.72500 
 
 
Source                     DF       Anova SS    Mean Square   F Value   Pr > F 
 
FlyType                     1     265.225000     265.225000      0.82   0.3745 
Days                        7    4164.141667     594.877381      1.84   0.1261 
FlyType*Days                7     493.275000      70.467857      0.22   0.9777 
A.4 Survivorship unto adult stage 
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options ls=80 nocenter; 
 
data EggToAdult; 
        do Days = 1,2,3,5,8,9,11,14; 
                do FlyType = 'Canton S','3A-P-Suppressor'; 
                        do RepeatNumber = 1 to 3; 
                                input PercentAdult @@; output; 
                        end; 
                end; 
        end; 
datalines; 
 
78 69 100 86 61 42 82 79 37 59 48 64 46 . . 71 . .  
70 50 57 62 46 51 74 76 67 76 30 70  
61 73 45 62 53 76 . . 59 . . 64  







        class FlyType Days; 
        model PercentAdult = FlyType Days Flytype*Days; 
run; 
A.4.1 Eggs to Adult Output 
                           Repeat    Percent 
Obs    Days    FlyType     Number     Adult 
 
  1      1     Canton S       1         78   
  2      1     Canton S       2         69   
  3      1     Canton S       3        100   
  4      1     3A-P-Sup       1         86   
  5      1     3A-P-Sup       2         61   
  6      1     3A-P-Sup       3         42   
  7      2     Canton S       1         82   
  8      2     Canton S       2         79   
  9      2     Canton S       3         37   
 10      2     3A-P-Sup       1         59   
 11      2     3A-P-Sup       2         48   
 12      2     3A-P-Sup       3         64   
 13      3     Canton S       1         46   
 14      3     Canton S       2          .   
 15      3     Canton S       3          .   
 16      3     3A-P-Sup       1         71   
 17      3     3A-P-Sup       2          .   
 18      3     3A-P-Sup       3          .   
 19      5     Canton S       1         70   
 20      5     Canton S       2         50   
 21      5     Canton S       3         57   
 22      5     3A-P-Sup       1         62   
 23      5     3A-P-Sup       2         46   
 24      5     3A-P-Sup       3         51   
 25      8     Canton S       1         74   
 26      8     Canton S       2         76   
 27      8     Canton S       3         67   
 28      8     3A-P-Sup       1         76   
 29      8     3A-P-Sup       2         30   
 30      8     3A-P-Sup       3         70   
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 31      9     Canton S       1         61   
 32      9     Canton S       2         73   
 33      9     Canton S       3         45   
 34      9     3A-P-Sup       1         62   
 35      9     3A-P-Sup       2         53   
 36      9     3A-P-Sup       3         76   
 37     11     Canton S       1          .   
 38     11     Canton S       2          .   
 39     11     Canton S       3         59   
 40     11     3A-P-Sup       1          .   
 41     11     3A-P-Sup       2          .   
 42     11     3A-P-Sup       3         64   
 43     14     Canton S       1         46   
 44     14     Canton S       2         62   
 45     14     Canton S       3         38   
 46     14     3A-P-Sup       1         61   
 47     14     3A-P-Sup       2         41   
 48     14     3A-P-Sup       3         13   
 
         Class Level Information 
  
Class         Levels    Values 
 
FlyType            2    3A-P-Sup Canton S  
 
Days               8    1 2 3 5 8 9 11 14  
 
 
Number of observations    48 
 
NOTE: Due to missing values, only 40 observations can be used in this analysis. 
 
 
Dependent Variable: PercentAdult    
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > F 
 
Model                      15     4437.70833      295.84722      1.07   0.4295 
Error                      24     6642.66667      276.77778                    
Corrected Total            39    11080.37500                                   
 
 
R-Square     Coeff Var      Root MSE    PercentAdult Mean 
 
0.400502      27.67009      16.63664             60.12500 
 
 
Source                     DF       Anova SS    Mean Square   F Value   Pr > F 
 
FlyType                     1     442.225000     442.225000      1.60   0.2184 
Days                        7    2912.208333     416.029762      1.50   0.2136 
FlyType*Days                7    1083.275000     154.753571      0.56   0.7812 
 
A.5 Egg laying preference 
 
options ls=80 nocenter; 
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data EggPosition; 
        do Days = 1,2,3,4,5,8,9,10,11,14,15,16,17,18,21,22,23; 
                do FlyType = 'Canton S','3A-P-Suppressor'; 
                        do RepeatNumber = 1 to 3; 
                                input PercentEggInFood @@; output; 
                        end; 
                end; 
        end; 
datalines; 
 
100 100 100 0 100 0 90 83 81 82 43 47 
51 64 91 48 7 38 36 16 28 11 6 27 
40 19 76 51 13 26 0 0 0 0 0 0 
32 6 0 2 0 29 0 4 . 41 24 92 
42 40 22 16 24 40 58 4 65 47 0 77 
48 18 47 14 32 44 77 15 29 12 57 0 
6 4 61 5 0 . 15 100 80 6 21 . 10 . 60 . . 60 8 . .  







        class FlyType Days; 




A.5.1 Egg laying preference output 
                                     Percent 
                           Repeat     EggIn 
Obs    Days    FlyType     Number      Food 
 
  1      1     Canton S       1        100   
  2      1     Canton S       2        100   
  3      1     Canton S       3        100   
  4      1     3A-P-Sup       1          0   
  5      1     3A-P-Sup       2        100   
  6      1     3A-P-Sup       3          0   
  7      2     Canton S       1         90   
  8      2     Canton S       2         83   
  9      2     Canton S       3         81   
 10      2     3A-P-Sup       1         82   
 11      2     3A-P-Sup       2         43   
 12      2     3A-P-Sup       3         47   
 13      3     Canton S       1         51   
 14      3     Canton S       2         64   
 15      3     Canton S       3         91   
 16      3     3A-P-Sup       1         48   
 17      3     3A-P-Sup       2          7   
 18      3     3A-P-Sup       3         38   
 19      4     Canton S       1         36   
 20      4     Canton S       2         16   
 21      4     Canton S       3         28   
 22      4     3A-P-Sup       1         11   
 23      4     3A-P-Sup       2          6   
 24      4     3A-P-Sup       3         27   
 25      5     Canton S       1         40   
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 26      5     Canton S       2         19   
 27      5     Canton S       3         76   
 28      5     3A-P-Sup       1         51   
 29      5     3A-P-Sup       2         13   
 30      5     3A-P-Sup       3         26   
 31      8     Canton S       1          0   
 32      8     Canton S       2          0   
 33      8     Canton S       3          0   
 34      8     3A-P-Sup       1          0   
 35      8     3A-P-Sup       2          0   
 36      8     3A-P-Sup       3          0   
 37      9     Canton S       1         32   
 38      9     Canton S       2          6   
 39      9     Canton S       3          0   
 40      9     3A-P-Sup       1          2   
 41      9     3A-P-Sup       2          0   
 42      9     3A-P-Sup       3         29   
 43     10     Canton S       1          0   
 44     10     Canton S       2          4   
 45     10     Canton S       3          .   
 46     10     3A-P-Sup       1         41   
 47     10     3A-P-Sup       2         24   
 48     10     3A-P-Sup       3         92   
 49     11     Canton S       1         42   
 50     11     Canton S       2         40   
 51     11     Canton S       3         22   
 52     11     3A-P-Sup       1         16   
 53     11     3A-P-Sup       2         24   
 54     11     3A-P-Sup       3         40   
 55     14     Canton S       1         58   
 56     14     Canton S       2          4   
 57     14     Canton S       3         65   
 58     14     3A-P-Sup       1         47   
 59     14     3A-P-Sup       2          0   
 60     14     3A-P-Sup       3         77   
 61     15     Canton S       1         48   
 62     15     Canton S       2         18   
 63     15     Canton S       3         47   
 64     15     3A-P-Sup       1         14   
 65     15     3A-P-Sup       2         32   
 66     15     3A-P-Sup       3         44   
 67     16     Canton S       1         77   
 68     16     Canton S       2         15   
 69     16     Canton S       3         29   
 70     16     3A-P-Sup       1         12   
 71     16     3A-P-Sup       2         57   
 72     16     3A-P-Sup       3          0   
 73     17     Canton S       1          6   
 74     17     Canton S       2          4   
 75     17     Canton S       3         61   
 76     17     3A-P-Sup       1          5   
 77     17     3A-P-Sup       2          0   
 78     17     3A-P-Sup       3          .   
 79     18     Canton S       1         15   
 80     18     Canton S       2        100   
 81     18     Canton S       3         80   
 82     18     3A-P-Sup       1          6   
 83     18     3A-P-Sup       2         21   
 84     18     3A-P-Sup       3          .   
 85     21     Canton S       1         10   
 86     21     Canton S       2          .   
 87     21     Canton S       3         60   
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 88     21     3A-P-Sup       1          .   
 89     21     3A-P-Sup       2          .   
 90     21     3A-P-Sup       3         60   
 91     22     Canton S       1          8   
 92     22     Canton S       2          .   
 93     22     Canton S       3          .   
 94     22     3A-P-Sup       1        100   
 95     22     3A-P-Sup       2          .   
 96     22     3A-P-Sup       3         50   
 97     23     Canton S       1         10   
 98     23     Canton S       2          .   
 99     23     Canton S       3          .   
100     23     3A-P-Sup       1          0   
101     23     3A-P-Sup       2          .   
 
 
                      Class Level Information 
  
Class         Levels    Values 
 
FlyType            2    3A-P-Sup Canton S                            
 
Days              17    1 2 3 4 5 8 9 10 11 14 15 16 17 18 21 22 23  
 
 
Number of observations    101 
 
NOTE: Due to missing values, only 89 observations can be used in this analysis. 
 
Dependent Variable: PercentEggInFood    
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > F 
Model                      33    54231.43446     1643.37680      2.56   0.0010 
Error                      55    35253.66667      640.97576                    
Corrected Total            88    89485.10112                                   
 
 
R-Square     Coeff Var      Root MSE    PercentEggInFood Mean 
0.606039      72.03508      25.31750                 35.14607 
 
 
Source                     DF       Anova SS    Mean Square   F Value   Pr > F 
 
FlyType                     1     2909.71931     2909.71931      4.54   0.0376 
Days                       16    32898.13446     2056.13340      3.21   0.0007 
FlyType*Days               16    18423.58069     1151.47379      1.80   0.0556 
 




        do flyType = 'MT' , 'WT'; 
                do Day = 
1,3,6,8,11,13,16,19,21,26,28,31,33,35,38,39,41,44,46,49,50,52,54,56,58,60,64,66
,70,73,76,81,87; 
                        input PercentSurvive @@; output; 
                end; 
        end; 
  132 
datalines; 
100 90 89 88 88 88 87 83 80 78 74 72 70 69 64 61 59 48  
46 39 37 33 28 23 18 14 7 5 1 1 1 0 0 100 96 96 96 95 95 95 95 95 






        class FlyType Day; 
        model PercentSurvive = FlyType Day; 
run; 
A.6.1 Longevity Male output 
       fly            Percent 
Obs    Type    Day    Survive 
 
  1     MT       1      100   
  2     MT       3       90   
  3     MT       6       89   
  4     MT       8       88   
  5     MT      11       88   
  6     MT      13       88   
  7     MT      16       87   
  8     MT      19       83   
  9     MT      21       80   
 10     MT      26       78   
 11     MT      28       74   
 12     MT      31       72   
 13     MT      33       70   
 14     MT      35       69   
 15     MT      38       64   
 16     MT      39       61   
 17     MT      41       59   
 18     MT      44       48   
 19     MT      46       46   
 20     MT      49       39   
 21     MT      50       37   
 22     MT      52       33   
 23     MT      54       28   
 24     MT      56       23   
 25     MT      58       18   
 26     MT      60       14   
 27     MT      64        7   
 28     MT      66        5   
 29     MT      70        1   
 30     MT      73        1   
 31     MT      76        1   
 32     MT      81        0   
 33     MT      87        0   
 34     WT       1      100   
 35     WT       3       96   
 36     WT       6       96   
 37     WT       8       96   
 38     WT      11       95   
 39     WT      13       95   
 40     WT      16       95   
 41     WT      19       95   
 42     WT      21       95   
 43     WT      26       93   
  133 
 44     WT      28       93   
 45     WT      31       92   
 46     WT      33       92   
 47     WT      35       90   
 48     WT      38       87   
 49     WT      39       87   
 50     WT      41       85   
 51     WT      44       83   
 52     WT      46       77   
 53     WT      49       74   
 54     WT      50       72   
 55     WT      52       68   
 56     WT      54       62   
 57     WT      56       52   
 58     WT      58       40   
 59     WT      60       36   
 60     WT      64       14   
 61     WT      66        9   
 62     WT      70        3   
 63     WT      73        1   
 64     WT      76        1   
 65     WT      81        1   
 66     WT      87        0   
 
                                                Class Level Information 
  
Class         Levels    Values 
 
flyType            2    MT WT                                                                                          
 
Day               33    1 3 6 8 11 13 16 19 21 26 28 31 33 35 38 39 41 44 46 49 
50 52 54 56 58 60 64 66 70 73 76 81 87  
 
 
Number of observations    66 
 
Dependent Variable: PercentSurvive    
 
                                   Sum of 
Source                 DF         Squares     Mean Square    F Value    Pr > F 
Model                  33     80422.36364      2437.04132      33.00    <.0001 
Error                  32      2363.45455        73.85795                      
Corrected Total        65     82785.81818                                      
 
R-Square     Coeff Var      Root MSE    PercentSurvive Mean 
 
0.971451      14.86395      8.594065               57.81818 
 
Source                 DF        Anova SS     Mean Square    F Value    Pr > F 
flyType                 1      4320.54545      4320.54545      58.50    <.0001 
Day                    32     76101.81818      2378.18182      32.20    <.0001 




        do flyType = 'MT' , 'WT'; 
                do Day = 
1,3,6,8,11,13,16,19,21,26,28,31,33,35,38,39,41,44,46,49,50,52,54,56,58,60,64,66
,70,73,76,81,87; 
  134 
                        input PercentSurvive @@; output; 
                end; 
        end; 
datalines; 
100 89 86 83 82 81 81 79 78 77 76 73 73 72 69 68 67 66 65 63 
62 60 58 55 50 50 38 34 22 14 7 3 0 100 93 92 86 84 84 82 82 81 80  






        class FlyType Day; 
        model PercentSurvive = FlyType Day; 
run; 
 
A.7.1 Longevity Female output 
       fly            Percent 
Obs    Type    Day    Survive 
 
  1     MT       1      100   
  2     MT       3       89   
  3     MT       6       86   
  4     MT       8       83   
  5     MT      11       82   
  6     MT      13       81   
  7     MT      16       81   
  8     MT      19       79   
  9     MT      21       78   
 10     MT      26       77   
 11     MT      28       76   
 12     MT      31       73   
 13     MT      33       73   
 14     MT      35       72   
 15     MT      38       69   
 16     MT      39       68   
 17     MT      41       67   
 18     MT      44       66   
 19     MT      46       65   
 20     MT      49       63   
 21     MT      50       62   
 22     MT      52       60   
 23     MT      54       58   
 24     MT      56       55   
 25     MT      58       50   
 26     MT      60       50   
 27     MT      64       38   
 28     MT      66       34   
 29     MT      70       22   
 30     MT      73       14   
 31     MT      76        7   
 32     MT      81        3   
 33     MT      87        0   
 34     WT       1      100   
 35     WT       3       93   
 36     WT       6       92   
 37     WT       8       86   
 38     WT      11       84   
 39     WT      13       84   
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 40     WT      16       82   
 41     WT      19       82   
 42     WT      21       81   
 43     WT      26       80   
 44     WT      28       77   
 45     WT      31       72   
 46     WT      33       69   
 47     WT      35       67   
 48     WT      38       65   
 49     WT      39       64   
 50     WT      41       64   
 51     WT      44       60   
 52     WT      46       57   
 53     WT      49       54   
 54     WT      50       54   
 55     WT      52       54   
 56     WT      54       53   
 57     WT      56       48   
 58     WT      58       45   
 59     WT      60       44   
 60     WT      64       42   
 61     WT      66       35   
 62     WT      70       28   
 63     WT      73       19   
 64     WT      76       15   
 65     WT      81        2   
 66     WT      87        0   
 
                                                Class Level Information 
  
Class         Levels    Values 
flyType            2    MT WT                                                                                          
 
Day               33    1 3 6 8 11 13 16 19 21 26 28 31 33 35 38 39 41 44 46 49 
50 52 54 56 58 60 64 66 70 73 76 81 87  
 
 
Number of observations    66 
 
Dependent Variable: PercentSurvive    
 
                                    Sum of 
Source                  DF         Squares     Mean Square    F Value    Pr > F 
Model                   33     42632.19697      1291.88476     114.91    <.0001 
Error                   32       359.75758        11.24242                      
Corrected Total         65     42991.95455                                      
 
 
R-Square     Coeff Var      Root MSE    PercentSurvive Mean 
0.991632      5.626651      3.352972               59.59091 
 
 
Source                  DF        Anova SS     Mean Square    F Value    Pr > F 
flyType                  1        12.74242        12.74242       1.13    0.2950 
Day                     32     42619.45455      1331.85795     118.47    <.0001 
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APPENDIX B :  COMPANY SPECIFIC PROTOCOLS FROM COMMERCIALLY 








Note: The spin protocol has been used for mini prep. 




Note: The spin protocol has been used for midi prep. 




Note: The spin protocol has been used for Gel extraction and PCR purification. 
B.2 Invitrogen 




B.2.2 Reverse transcription using Super Script II 




B.2.3 TOPO TA cloning 
C:\QT\College\Article\
Lab\Part II\Protocols\TOPO TA Cloning-Invitrogen.pdf
 
B.3 Ambion 
B.3.1 DNase treatment using DNA-free 
C:\QT\College\Article\
Lab\Part II\Protocols\DNase free - Ambion-TURBO.pdf
 
B.4 Roche 
B.4.1 Expand Long Template PCR 
C:\QT\College\Article\
Lab\Part II\Protocols\Long Range PCR - Roche.pdf
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